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ABSTRACT OF DISSERTATION 
 
 
 
 
BREEDING FOR VALUE-ADDED TRAITS 
IN SOFT WINTER WHEAT 
 
 
 
 
Increased interest in value-added traits of soft winter wheat (SWW; Triticum 
aestivum L.), such as white-seed coat and gluten strength, has resulted from economic 
incentives for these traits.  The first objective of this study was to determine whether 
differences existed between red- and white- seeded progeny of 17 populations.  When 
abiotic and biotic stresses were negligible, significant differences were not detected 
between red- and white-seeded progeny, except for yield: red-seeded progeny had a 
significantly higher yield than the white-seeded progeny.  However, when abiotic and 
biotic stresses were larger, the yield of white-seeded progeny was not significantly 
different from red-seeded progeny and the white-seeded progeny accumulated a 
significantly greater amount of deoxynivalenol (DON) than red-seeded progeny.  
Therefore, Kentucky producers should be cautious when considering production of 
white-seeded cultivars.  The second objective of this study was to determine whether 
early- or late- generation selection for white-seeded progeny produced a higher 
frequency of superior white-seeded lines.  Three selection methods were studied.  Late-
generation bulk selection produced a significantly lower frequency of superior white-
seeded lines (1.7%) than single seed descent (SSD; 13.9%); the early-generation bulk 
(9.6%) did not differ statistically from either method.  Although SSD produced the most 
superior lines, the utility of SSD breeding will have to be assessed by SWW breeders to 
justify additional labor and space requirements.  The final objective was to determine 
whether early-generation selection of wheat quality, as determined by wheat meal-
based assays, was effective.  A cross between a strong gluten soft red winter and a 
weak gluten soft white winter wheat was examined.  Significant correlations and 
regressions between wheat meal assays and flour-based assays were found. High 
heritability and realized genetic gains were also observed.  Therefore, early-generation 
selection for quality characteristics appears to be effective.
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Chapter 1 
Introduction 
 
Common wheat (Triticum aestivum L.; 2n=42, AABBDD), an allohexaploid plant, 
is divided into different classes based upon end-uses and agronomic traits.  The six 
U.S. market classes are based upon three characteristics: growth habit, kernel texture, 
and color.  There are two growth habits in wheat, winter and spring; winter wheat is 
planted in the fall while spring wheat is planted in the spring.  Wheat is also separated 
into two classes based upon its suitability for baking bread or kernel texture: hard and 
soft.  Hard wheat possesses a physically hard kernel that produces flour with high 
gluten, high protein content and is suitable for producing bread.  Soft wheat possesses 
a physically soft kernel with low gluten and low protein, which is suitable for producing 
cakes and biscuits (Oleson, 1994).  Finally, wheat is separated based upon seed coat 
color; red and white.   
Kentucky producers predominately grow soft red winter wheat.  White wheat can 
be used to produce the same products as red wheat; however, white wheat has several 
advantages.  Red wheat bran contains tannins, which produce a bitter flavor in wheat 
products; white wheat bran does not contain the bitter tannins (Boswell and Shroyer, 
2000).  Consequently, white wheat produces more flour because it can be milled closer 
to the bran without negatively affecting color or flavor; the bran of white wheat can be 
used in breakfast cereals; and white wheat can also be used to produce more appealing 
whole wheat products, which lack the bitter flavor produced by red wheat bran (Boswell 
and Shroyer, 2000).  Many red wheat breeding programs have initiated white wheat 
breeding programs because of the advantages that white wheat possesses.   
Red wheat breeding programs generally do not select for a specific seed color 
genotype.  As a result, there are likely to be soft red winter wheat cultivars and 
experimental breeding lines with red color alleles at one, two, or three loci.  Therefore, 
white-seeded progeny from red by red crosses can and frequently do occur.  In theory, 
a white wheat breeding program can be established relatively easily in a red wheat 
breeding program.  However, in practice, the difficulty of developing such a program is 
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unknown. Breeders still need to determine the generation in which selection should be 
conducted for white-seeded progeny and which crossing scheme would produce the 
greatest number of superior white-seeded progeny. 
Most soft wheat breeding programs make selections based upon agronomic 
characters such as yield, test weight, height, heading date, and disease resistance.  
Once agronomically acceptable lines are identified the grain is analyzed for quality 
characteristics.  Historically, selection for quality characteristics has occurred in late 
generations because of the large amount of grain required for flour-based quality 
analyses.  These flour-based quality analyses require expensive equipment and trained 
personnel which restrict the number of experimental lines that can be screened.  
Recently, wheat meal-based assays that require very small amounts of sample and 
common laboratory equipment have been shown to be correlated with flour-based 
assays (Guttieri et al., 2004).  These assays would allow wheat breeders to select for 
quality characteristics in early generations.  In addition, the assays are simple and 
therefore allow many more experimental lines to be tested than the flour-based tests.   
This study was conducted in order to determine the most efficient and effective 
methods for initiating a white wheat breeding program within an existing red wheat 
breeding program and to determine the utility of early-generation selection for quality 
characteristics in a soft winter wheat breeding program. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Carrie Ann Knott 2007 
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Chapter 2 
 
Literature Review 
Seed Coat Color 
Seed coat color in wheat is controlled by three genes each with two alleles; red 
alleles are dominant to white alleles (Nilsson-Ehle, 1909; Strickberger, 1976).  The 
range of seed coat colors depends on the number of red alleles present.  The 
homozygous dominant (R1R1R2R2R3R3) phenotype is a much darker red color than the 
double (R1R1R2R2r3r3; R1R1r2r2R3R3; r1r1R2R2R3R3) or single (R1R1r2r2r3r3; r1r1R2R2r3r3; 
r1r1r2r2R3R3) dominant phenotypes.  White-seeded wheat is conferred by a triple 
recessive genotype.  The genes responsible for seed coat color are located on the long 
arm (McIntosh et al., 1998; Nelson et al., 1995) of chromosomes 3A, 3B, and 3D 
(Metzger and Silbaugh, 1970; Sears, 1944).   
White wheat can be used to produce the same products as red wheat with 
several advantages. Red wheat bran contains tannins, which produce a bitter flavor in 
wheat products; white wheat bran does not contain the bitter tannins (Boswell and 
Shroyer, 2000).  Consequently, white wheat produces more flour because it can be 
milled closer to the bran without negatively affecting color or flavor; the bran of white 
wheat can be used in breakfast cereals; and white wheat can also be used to produce 
more appealing whole wheat products (Boswell and Shroyer, 2000).   
Red wheat breeding programs generally do not characterize or select lines for a 
specific seed coat color genotype; therefore, soft red winter wheat cultivars and 
experimental breeding lines that possess red color alleles at one, two, or three loci are 
likely to occur.  As a result, white-seeded progeny from red by red crosses can and 
frequently do occur.  Therefore, in theory, white wheat breeding programs could be 
established relatively easily in an existing red wheat breeding program.  Unfortunately, 
the difficulty in developing this type of program is unknown. 
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Identification of White Seeded Progeny 
The first techniques for distinguishing between red- and white- seeded wheat 
were published by Chmelar and Mostovoj (1938).  They stated that when wheat seeds 
were boiled in water or soaked in a five percent solution of sodium hydroxide (NaOH) or 
potassium hydroxide (KOH) for fifteen minutes the red seeds would become much 
darker while the white seeds would turn a light cream color.  Over the years there have 
been many modifications to the NaOH seed soak method.  Increased NaOH 
concentration (DePauw and McCaig, 1988), extended soaking times (DePauw and 
McCaig, 1988; Quartley and Wellington, 1962), heating the NaOH solution (Lamkin and 
Miller, 1980), and the addition of a surfactant to reduce surface tension and facilitate 
kernel immersion (DePauw and McCaig, 1988) have all been employed.  Although 
NaOH seed soaks have been extensively used and modified, this method, along with 
KOH seed soaks and seed boiling, are destructive methods that kill the seed.  In many 
cases this would not be a concern.  However, when establishing a breeding program, 
evaluation of all possible progeny is essential for identification of lines that possess 
superior traits.  Therefore, destructive identification procedures are undesirable. 
Non-destructive methods for differentiating between red- and white- seeded 
wheat kernels are available.  One non-destructive option is visual classification.  Visual 
classification is not common for several reasons.  First, misclassification can occur due 
to the quantitative nature of seed coat color, which produces a range of intensities for 
red seed coat.  Second, many factors such as weather and soil conditions, insect 
damage, disease, and cultivar, can alter kernel color (Dowell, 1997) and result in 
misclassification.  Finally, visual classification of populations that are segregating for 
seed coat color is very labor intensive.   
Specialized equipment, such as tristimulus color meters (Bason et al., 1995) and 
near-infrared (NIR) and visible (VIS) reflectance spectra (McCaig et al., 1993; Wang et 
al., 1999a; Wang et al., 1999b) have also been used as non-destructive methods for 
differentiating red- and white- seeded wheat kernels..  NIR/VIS reflectance 
spectroscopy has been used to differentiate red- and white- seeded wheat kernels from 
bulk samples (McCaig et al., 1993; Wang et al., 1999a; Wang et al., 1999b), single 
kernels (Dowell, 1997a; Wang et al., 1999a; Wang et al., 1999b), and for predicting the 
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number of red alleles that a breeding line or cultivar possesses (Wang et al., 1999b).  
The tristimulus color meter has been demonstrated to differentiate between red- and 
white- seeded cultivars at grain elevators (Bason et al., 1995).  Therefore, the NIR/VIS 
instrument would probably be most beneficial for wheat breeding programs, because 
differentiation within a segregating population is necessary.  The tristimulus color meter 
has only been demonstrated for differentiating among homogeneous samples.  For 
breeding programs that utilize NIR/VIS instruments to assess other traits, such as 
protein, the cost and time to differentiate between red- and white- seeded wheat kernels 
is minimal (McCaig et al., 1993).  However, for programs that do not currently have 
access to a NIR/VIS instruments, the cost to purchase the equipment and train 
personnel can be very high and therefore prohibitive. 
Molecular markers have also been used to identify red-seeded wheat genotypes.  
Molecular markers would be the most desirable option of the aforementioned methods 
because they are not only non-destructive, but they are also relatively inexpensive and 
rapid.  The first molecular marker to be linked to red seed coat was Xabc174, a 
restriction fragment length polymorphism (RFLP) marker, which was linked to red color 
alleles R1 and R3 (Nelson et al., 1995).  As molecular marker techniques have evolved 
and advanced RFLP markers have become undesirable because they require large 
amounts of DNA and the use of radioactive isotopes.  Recently, the seed coat color 
gene in wheat has been sequenced (Himi and Noda, 2005).  This will enable molecular 
markers to be designed from the DNA sequence, which will greatly reduce the difficulty 
in identifying white seeded progeny in a segregating population.  Unfortunately, the 
DNA sequences have not been made available to the public. 
Generation of Selection  
Many studies have investigated the effectiveness of early-generation selection in 
self-pollinated crops and have reported conflicting results.  For instance, early-
generation selection for yield, maturity and height in soybeans has been reported to be 
effective (Mahmud and Kramer, 1951; St. Martin and Geraldi, 2002) and ineffective 
(Weiss et al., 1947).  Early-generation selection has been reported as effective in barley 
for yield, test weight, height and heading date (Frey, 1954) and in wheat for yield 
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(Harrington, 1940) and grain filling (Sharma, 1994).  However, it has been reported to 
be an ineffective selection method for yield (Briggs and Shebeski, 1971; DePauw and 
Shebeski, 1973; Fiuzat and Atkins, 1953; Knott, 1972; Knott and Kumar, 1975) and 
breadmaking quality in wheat (Briggs and Shebeski, 1971) and yield in barley (Fiuzat 
and Atkins, 1953).   
Prompted by the conflicting reports in the literature, Bernardo (2003) investigated 
the effectiveness of early-generation selection in self-pollinated crops in a simulation 
paper that examined genetic and phenotypic correlations between line performance in 
early generations and at homozygosity.  He found that the expected genetic correlations 
between performance of breeding lines at an early generation, F2-derived lines, and at 
homozygosity are high (rg= 0.707).  In addition, genetic correlations continue to increase 
as the generation that selection takes place increases; the genetic correlation for F3-, 
F4-, and F5- derived lines is 0.866, 0.935 and 0.968, respectively (Bernardo, 2003).  
Therefore, based purely on genetic estimates, early-generation selection is expected to 
be effective for self-pollinated crops.  However, Bernardo found that the correlation 
between the phenotypic mean of a breeding line and the genotypic mean of a 
descendant homozygous line was affected more by non-genetic effects.  Bernardo also 
states that the usefulness of early-generation selection not only depends on its 
effectiveness, but also on whether or not more effective methods of line development, 
such as single seed descent, exist (Bernardo, 2003).   
In an earlier simulation paper, Cooper and Sorrells (1984) specifically addressed 
the question of which generation white seed should be selected from red by white 
crosses.  The authors considered three generations: F3, F4, and F5.  They assumed that 
the parental lines possessed different alleles for quantitatively inherited traits that were 
controlled by a maximum of 20 loci.  The authors calculated the frequency of desirable 
white-seeded lines by multiplying the frequency of the white genotypes by the frequency 
of desirable quantitative loci. These frequencies were then used to determine which 
generation would produce the highest frequency of white-seeded progeny that also 
possessed desirable loci for a quantitative trait.  Based on their analyses, Cooper and 
Sorrells concluded that regardless of the number of red alleles that the red parent 
possessed, the F3 seed was the best generation to select white-seeded progeny that 
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were also segregating for a quantitative trait controlled by 12 or more loci (Cooper and 
Sorrells, 1984).  However, in practice it is unknown whether early-generation selection 
for white-seeded progeny is practical or desirable.   
Crossing Scheme for Producing White Seeded Progeny 
The most common crossing schemes that plant breeders utilize are single 
crosses, three-way crosses, double crosses, and back crosses (Fehr, 1991).  Single 
crosses are the simplest and result from mating two parents (P): P1 x P2.  Three-way 
crosses involve a single cross mated to a third parent: (P1 x P2) x P3.  Double crosses 
result from mating two single crosses: (P1 x P2) x (P3 x P4).  Back crosses are formed 
when a single cross is crossed back to one of its original parents: (P1 x P2) x P2.  In 
wheat breeding, single, three-way, and double crosses are commonly used (Singh et 
al., 1998).  A common assumption is that three-way crosses will produce more genetic 
diversity than other types of crosses.  This assumption is validated by some studies with 
soybeans in which three-way crosses, involving exotic germplasm and diverse 
populations, have been found to produce more genetic variance than single crosses 
(Khalaf et al., 1984; Thorne and Fehr, 1970) or double crosses (Khalaf et al., 1984).  
However, there is no published data to support the assumption that three-way crosses 
in a typical wheat breeding program produce more genetic diversity than single crosses.    
Soft Wheat Quality 
A large number of different products are produced from soft wheat including 
cakes, cookies, crackers, and breakfast cereals.  Although each product and milling and 
baking facility has specific wheat quality characteristics that are essential for product 
quality and uniformity (Faridi et al., 1994), general soft wheat quality characteristics do 
exist.  This allows soft wheat breeders to develop an array of lines which meet the 
needs of the diverse soft wheat industry.        
Many assays have been developed to identify soft wheat lines with acceptable 
quality.  These assays range from simple to complex and are generally performed at 
federal laboratories such as the USDA-ARS Soft Wheat Quality Laboratory (SWQL) in 
Wooster, OH.  Ideally, soft wheat breeders would prefer relatively simple, inexpensive 
assays that could be performed within their own breeding program.  Unfortunately, most 
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soft wheat quality assays require wheat flour.  To produce flour, large amounts of grain 
and very expensive flour mills are necessary.  The cost prohibits most soft wheat 
breeders from having access to flour mills and therefore excludes them from conducting 
flour-based assays themselves.    
The most common flour-based assays, which are conducted at the USDA-ARS 
SWQL, include flour yield (Approved Method 26-32, AACC, 2000), softness equivalent 
(Gaines et al., 2000), flour protein (Approved Method 46-10, AACC, 2000), solvent 
retention capacity (Approved Method 56-11, AACC, 2000), and sugar snap cookies 
(Approved Method 10-52, AACC, 2000); wire-cut cookies (Approved Method 10-53, 
AACC, 2000), although much less common, are also baked at the SWQL.  Flour yield 
and flour protein measure the percent of flour produced from a grain sample and the 
protein content, respectively.  Softness equivalent measures flour particle size and is 
correlated to break flour, the amount of flour produced at commercial mills during the 
first pass of the kernels through the break rolls (Gaines et al., 2000).  Softness 
equivalent is important because as softness increases the amount of break flour 
increases, which equates to reduced energy costs for milling facilities.  Solvent retention 
capacity (SRC) measures the ability of flour to retain four different solvents: water, 50% 
sucrose, 5% sodium carbonate, and 5% lactic acid.  In general, glutenin characteristics 
are associated with lactic acid SRC, damaged starch is associated with sodium 
carbonate SRC, pentosan and gliadin characteristics are associated with sucrose SRC 
and water SRC is influenced by all flour constituents (Gaines, 2000).  Cookies measure 
baking quality; wire-cut cookies have been found to be more sensitive and less variable 
than sugar snap cookies (Gaines et al., 1992a; Gaines et al., 1992b).  Therefore wire-
cut cookies are more desirable because they can detect small differences and are less 
sensitive to environmental variation, such as kernel shriveling and protein differences 
(Gaines et al., 1992b).     
Typically, soft wheat flours with a low water holding capacity, low damaged 
starch and low pentosans are desired.   Flours that retain excessive water require 
longer baking times and produce less tender products (Guttieri et al., 2001).  Flours that 
possess high levels of damaged starch are undesirable because damaged starch 
increases water absorption and reduces sugar snap cookie quality (Gaines et al., 1988).  
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High levels of pentosans are also undesirable because pentosans are highly hydrophilic 
(Jelaca and Hlynka, 1971; Kulp, 1968); therefore a significant negative correlation 
between sugar snap cookie quality and pentosan level has been reported (Kaldy et al., 
1991).  Another important characteristic of wheat flour quality is gluten strength.  Gluten, 
the major storage protein in wheat, is responsible for the elastic properties of kneaded 
wheat dough. Gluten strength required for soft winter wheat products varies according 
to end use.  Weak gluten is suitable for cakes, cookies, and pastries while strong gluten 
is desirable for crackers. Strong gluten is desirable for crackers because as gluten 
strength increases tensile strength of crackers increases; this reduces cracker breakage 
during shipping.  In recent years, wheat producers have been paid a premium for 
identity-preserved strong gluten wheat cultivars.   
Typically, soft winter wheat breeders evaluate early-generation material in single 
replication, single environment plots or head-rows.  Thousands of early-generation 
head-rows are planted each year.  Selections based on plant height, maturity and 
disease resistance are generally made in early-generation head-rows.  Once 
agronomically acceptable lines have been selected, these lines are advanced and 
further tested at multiple locations in replicated studies.  Once the most promising lines 
are identified, they are sent to federal laboratories, such as the USDA-ARS SWQL for 
milling and baking quality analysis.  Unfortunately, this breeding methodology greatly 
reduces the amount of genetic variation for wheat quality traits, because agronomic 
selections are being made in early generations.   
Fortunately, wheat meal-based assays have been reported to correlate with flour-
based assays in soft spring wheat (Guttieri et al., 2004; Guttieri et al., 2001).  Wheat 
meal-based assays require less grain, which make them suitable for early-generation 
analysis, and wheat meal can be produced by grinding wheat grain with inexpensive 
sample mills.  Guttieri et al. (2004) reported significant correlations between wheat meal 
sodium carbonate SRC and flour sodium carbonate SRC (r=0.69-0.81) and wheat meal 
SDS sedimentation volume and flour lactic acid SRC (r=0.74-0.80) in three populations 
of soft spring wheat.  In addition heritability estimates for wheat meal sodium carbonate 
SRC (h2=0.63-0.80) and wheat meal SDS sedimentation volume (h2=0.63-0.92) were 
moderate to high in three populations (Guttieri et al., 2004).  This suggests that 
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selections based upon wheat quality, which were measured by wheat meal-based 
assays, can be made in early generations for soft spring wheat.  Early-generation 
selection of quality characteristics is desirable for soft wheat breeders, because more 
genetic variation exists for quality in early generations before agronomic selections have 
been imposed.  However the utility of wheat meal-based quality assays has not been 
explored in soft winter wheat.   
Fusarium Head Blight 
Many factors can negatively affect soft wheat quality.  The most notable is the 
pathogen Fusarium graminearum Scwabe, which causes Fusarium head blight (FHB) in 
wheat.  FHB reduces yield and negatively affects seed quality (McMullen et al., 1997; 
Parry et al., 1995; Snijders, 1990) by producing small shriveled seed, commonly 
referred to as tombstones, which have very low test weight and contain a mycotoxin, 
deoxynivalenol (DON).  Both reduced test weight and presence of DON result in 
producers receiving reduced prices for their grain.  It has been found that even low 
levels of disease are sufficient to reduce grain yield and quality, seed quality and result 
in the accumulation of DON (McMullen et al., 1997; Parry et al., 1995; Snijders, 1990).   
DON is responsible for feed refusal in livestock (Meronuck and Xie, 2000), and 
vomiting, nausea, and depressed immune systems in humans (Peraica et al., 1999).  
Therefore the FDA has imposed limits on the maximum levels of DON that can be 
present in wheat destined for human and livestock consumption.  The limit for human 
consumption is 1 part per million (ppm) and the limit for livestock consumption ranges 
from 5 ppm to 10 ppm depdending on animal and rations 
(http://www.gipsa.usda.gov/GIPSA/documents/GIPSA_Documents/b-vomitox.pdf; 
verified 2 May 2006).   
DON levels are particularly important to the white wheat industry.  White wheat is 
more commonly used for whole grain products than red wheat and white wheat bran is 
used to produce breakfast cereals (Boswell and Shroyer, 2000).  DON is relatively 
stable throughout most processing procedures, including baking (Abbas et al., 1985; 
Scott et al., 1983; Seitz et al., 1986) and has been found to be highest in the bran and 
lowest in flour (Abbas et al., 1985; Seitz et al., 1985; Seitz et al., 1986; Trigo-Stockli et 
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al., 1996; Young et al., 1984).  This is thought to be a result of the prevalence of the 
fungus, F. graminearum, in the aleurone and pericarp tissues (Bechtel et al., 1985).   
Millers have observed that DON concentrations are higher in white wheat flour 
than red wheat flour.  It is commonly thought that the higher levels of DON in white 
wheat flour is a result of white wheat being milled closer to the bran (David Van 
Sanford, personal communication, 2005).  However, DON levels of whole-grain wheat 
meal have been found to be significantly higher in white wheat cultivars than in red 
wheat cultivars (Schaafsma et al., 2001).  This suggests that white wheat accumulates 
more DON than red wheat.  However, Schaafsma et al. (2001) examined different 
wheat cultivars, not related lines.  Therefore, it is difficult to determine if the differences 
in DON accumulation are due to varietal differences or seed coat color differences.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Carrie Ann Knott 2007 
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Chapter 3 
 
Assessment of Agronomic and Milling and Baking Quality Differences between  
Red and White Wheat Segregants 
 
Introduction 
Seed coat color in common wheat (Triticum aestivum L.; 2n=42, AABBDD ) is 
controlled by three genes each with two alleles; red alleles are dominant to white alleles 
(Nilsson-Ehle, 1909; Strickberger, 1976).  The intensity of seed coat color depends on 
the number of red alleles present.  The homozygous dominant (R1R1R2R2R3R3) 
phenotype is a darker red than the double (R1R1R2R2r3r3; R1R1r2r2R3R3; r1r1R2R2R3R3) 
or single (R1R1r2r2r3r3; r1r1R2R2r3r3; r1r1r2r2R3R3) dominant phenotypes.  White-seeded 
wheat is conferred by a triple recessive genotype.  The genes responsible for seed coat 
color are located on the long arms (McIntosh et al., 1998; Nelson et al., 1995) of 
chromosomes 3A, 3B, and 3D (Metzger and Silbaugh, 1970; Sears, 1944).   
Kentucky producers predominately grow soft red winter wheat.  However, white 
wheat can be used to produce the same products as red wheat with several 
advantages. Red wheat bran contains tannins, which produce a bitter flavor in wheat 
products; white wheat bran does not contain bitter tannins (Boswell and Shroyer, 2000).  
Consequently, white wheat produces more flour because it can be milled closer to the 
bran without negatively affecting color or flavor.  In addition, the bran of white wheat can 
be used in breakfast cereals and white wheat can also be used to produce more 
appealing whole wheat products (Boswell and Shroyer, 2000).   
Red wheat breeding programs generally do not characterize or select lines for a 
specific seed coat color genotype; therefore, soft red winter wheat cultivars and 
experimental breeding lines that possess red color alleles at one, two, or three loci are 
likely to occur.  As a result, white-seeded progeny from red by red crosses can and 
frequently do occur.  Many red wheat breeding programs have taken advantage of 
these white segregants and begun to develop white wheat breeding lines.   
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When establishing a white wheat breeding program within an existing red wheat 
breeding program one factor that must be addressed is how to differentiate the progeny 
based on seed coat color.  Several techniques have been identified to differentiate red 
and white-seeded wheat.  The first techniques to be published were seed soaks in basic 
solutions, such as NaOH or KOH, and seed boiling.  Chmelar and Mostovoj (1938) 
stated that soaking the seed in a five percent solution of NaOH or KOH for 15 minutes 
would cause the white seed to turn a light cream color and the red seed would become 
a darker red.  They also stated that boiling the seed for 15 minutes would cause the red 
seed to become darker and the white seed would remain a light color (Chmelar and 
Mostovoj, 1938).  Over the years there have been many modifications to the NaOH 
method including increased NaOH concentrations (DePauw and McCaig, 1988), 
extended soaking times (DePauw and McCaig, 1988; Quartley and Wellington, 1962), 
NaOH heating (Lamkin and Miller, 1980), and the addition of a surfactant to reduce 
surface tension and facilitate kernel immersion (DePauw and McCaig, 1988).  Although 
the NaOH seed soak for distinguishing wheat kernel color has been extensively used 
and modified, NaOH seed soaks, KOH seed soaks, and boiling are all destructive 
methods that kill the seed.  In many cases this would not be a concern.  However, when 
establishing a breeding program, evaluation of all possible progeny is desirable.  
Therefore, alternatives to destructive identification procedures are preferred. 
Non-destructive methods for differentiating between red- and white- seeded 
wheat kernels are available.  One non-destructive option is visual classification.  Visual 
classification is not common for several reasons.  First, misclassification can occur due 
to the quantitative nature of seed coat color, which produces a range of intensities for 
red seed coat.  Second, many factors such as weather and soil conditions, insect 
damage, disease, and cultivar, can alter kernel color (Dowell, 1997) and result in 
misclassification.  Finally, visual classification of populations that are segregating for 
seed coat color is very labor intensive.   
Specialized equipment, such as tristimulus color meters (Bason et al., 1995) and 
near-infrared (NIR) and visible (VIS) reflectance spectra (McCaig et al., 1993; Wang et 
al., 1999a; Wang et al., 1999b) have also been used as non-destructive methods for 
differentiating red- and white- seeded wheat kernels..  NIR/VIS reflectance 
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spectroscopy has been used to differentiate red- and white- seeded wheat kernels from 
bulk samples (McCaig et al., 1993; Wang et al., 1999a; Wang et al., 1999b), single 
kernels (Dowell, 1997; Wang et al., 1999a; Wang et al., 1999b), and for predicting the 
number of red alleles that a breeding line or cultivar possesses (Wang et al., 1999b).  
The tristimulus color meter has been demonstrated to differentiate between red- and 
white- seeded cultivars at grain elevators (Bason et al., 1995).  Therefore, the NIR/VIS 
instrument would probably be most beneficial for wheat breeding programs, because 
differentiation within a segregating population is necessary.  The tristimulus color meter 
has only been demonstrated for differentiating among homogeneous samples.  For 
breeding programs that utilize NIR/VIS instruments to assess other traits, such as 
protein, the cost and time to differentiate between red- and white- seeded wheat kernels 
is minimal (McCaig et al., 1993).  However, for programs that do not currently have 
access to a NIR/VIS instruments, the cost to purchase the equipment and train 
personnel can be very high and therefore prohibitive. 
Molecular markers have also been used to identify red-seeded wheat genotypes.  
Molecular markers would be the most desirable option of the aforementioned methods 
because they are not only non-destructive, but they are also relatively inexpensive and 
rapid.  The first molecular marker to be linked to red seed coat was Xabc174, a 
restriction fragment length polymorphism (RFLP) marker, which was linked to red color 
alleles R1 and R3 (Nelson et al., 1995).  As molecular marker techniques have evolved 
and advanced RFLP markers have become undesirable because they require large 
amounts of DNA and the use of radioactive isotopes.  Recently, the sequence for seed 
coat color in wheat has been sequenced (Himi and Noda, 2005).  This will enable 
molecular markers to be designed from the DNA sequence, which will greatly reduce 
the difficulty in identifying white seeded progeny in a segregating population.  
Unfortunately, the DNA sequences have not been made available to the public. 
Fusarium head blight (FHB), caused by Fusarium graminearum Schwabe, is 
another factor that must be addressed when considering white wheat production in 
Kentucky.  Low levels of FHB have been found to reduce grain yield and quality, seed 
quality and result in the accumulation of deoxynivalenol (DON) (McMullen et al., 1997; 
Parry et al., 1995; Snijders, 1990).   DON is a mycotoxin that is responsible for feed 
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refusal in livestock (Meronuck and Xie, 2000), and vomiting, nausea, and depressed 
immune systems in humans (Peraica et al., 1999).  Therefore the FDA has imposed 
limits on the maximum levels of DON that can be present in wheat destined for human 
and livestock consumption.  The limit for human consumption is 1 part per million (ppm) 
and the limit for livestock consumption ranges from 5 ppm to 10 ppm depending on 
animal and rations 
(http://www.gipsa.usda.gov/GIPSA/documents/GIPSA_Documents/b-vomitox.pdf; 
verified 2 May 2006).   
DON levels are particularly important to the white wheat industry.  White wheat is 
more commonly used for whole grain products than red wheat and white wheat bran is 
used to produce breakfast cereals (Boswell and Shroyer, 2000).  DON is relatively 
stable throughout most processing procedures, including baking (Abbas et al., 1985; 
Scott et al., 1983; Seitz et al., 1986) and DON concentrations have been found to be 
highest in the bran and lowest in flour (Abbas et al., 1985; Seitz et al., 1985; Seitz et al., 
1986; Trigo-Stockli et al., 1996; Young et al., 1984).  This is thought to be a result of the 
prevalence of the fungus, F. graminearum, in the aleurone and pericarp tissues (Bechtel 
et al., 1985).   
Millers have observed that DON concentrations are higher in white wheat flour 
than red wheat flour.  It is commonly thought that the higher levels of DON in white 
wheat flour is a result of white wheat being milled closer to the bran (David Van 
Sanford, personal communication, 2005).  However, DON levels of whole-grain wheat 
meal have been found to be significantly higher in white wheat cultivars than in red 
wheat cultivars (Schaafsma et al., 2001).  This suggests that white wheat accumulates 
more DON than red wheat.  However, Schaafsma et al. (2001) examined different 
wheat cultivars, not related lines.  Therefore, it is difficult to determine if the differences 
in DON accumulation are due to varietal differences or seed coat color differences.   
The objectives of this study were to determine if: (1) agronomic differences exist 
between red- and white-seeded progeny (2) differences in milling and baking quality 
exist between red- and white-seeded progeny (3) differences exist in DON accumulation 
between red- and white-seeded progeny and (4) SSR markers that are mapped next to 
Xabc174 can be used to differentiate between red- and white-seeded cultivars.   
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Materials and Methods 
 
POPULATION SELECTION AND FIELD TRIALS 
In 2003, 9 F2 three-way cross populations and 8 F3 single cross populations, 
which had at least one white-seeded parent, were selected at Lexington, KY (Table 
3.1).  Selections were based upon agronomic traits assessed in the field, such as 
height, disease resistance, and heading date; the selected plots were harvested with a 
combine on 30 June 2003.  In the fall of 2003, 50 grams of the combine-harvested seed 
was reserved for population preservation; this represented the unselected bulk.  The 
remaining seed was visually separated into white- and red-seeded progeny; these 
samples represented the white and red bulk, respectively.   
F3 and F4 seed from the red bulk and white bulk were planted into two-row plots, 
which were 1 m long with 0.20 m between rows, on 22 October 2003 near Lexington, 
KY, and 24 October 2003 near Princeton, KY.  The plots were planted as a randomized 
complete block design with two replications.  Agronomic traits such as heading date and 
disease ratings were recorded.  The plots were harvested with a combine on 1 July 
2004 at Lexington, KY, and 24 June 2004 at Princeton, KY.   
The F4 and F5 populations were planted as a split-plot design with two 
replications near Schochoh, KY, on 5 November 2004, Princeton, KY, on 25 October 
2004, and Lexington, KY, on 8 November 2004.  Whole plots consisted of population 
and sub plots, which were 1.2 m by 3 m, consisted of the type of bulk: red or white.  
Agronomic traits such as heading date, height, test weight, and yield were recorded.  
Experimental plots were combine-harvested on 23 June 2005 at Schochoh, KY, 21 
June 2005 at Princeton, KY, and 5 July 2005 at Lexington, KY.   
The F5 and F6 populations were planted as a split-plot design with two 
replications at three locations; Schochoh, KY, was planted on 10 October 2005, 
Woodford County, KY, was planted on 13 October 2005, and Lexington, KY, was 
planted on 17 October 2005.  Agronomic traits such as heading date, height, disease 
resistance, test weight, and yield were recorded.  Experimental plots were harvested 
with a combine at Schochoh, KY, on 15 June 2006 and at Lexington, KY, on 28 June 
2006.  Plots at Woodford County, KY were not harvested due to extensive lodging.   
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QUALITY ASSESSMENT 
Grain samples (500 g) for 4 F5 populations and 5 F4 populations from the three 
2005 locations were analyzed for milling and baking quality at the USDA-ARS Soft 
Wheat Quality Laboratory, Wooster, OH.  All grain was tempered to 15% moisture 
before milling.  Test weight, flour yield, flour protein, lactic acid retention, and sugar 
snap cookie diameter were estimated using approved AACC methods 55-10, 26-32, 46-
10, 56-11, and 10-52, respectively (AACC, 2000).  Softness equivalent was evaluated 
(Gaines et al., 2000) and top grain was evaluated by visually assessing the islanding of 
the cookie surface with a scale of 0-9 (Guttieri et al., 2001).  Cookies with a smooth 
surface receive a 0 and indicate poor quality, while cookies with higher scores indicate 
increased islanding and improved quality (Guttieri et al., 2001).   
 
IDENTIFICATION OF MOLECULAR MARKERS FOR RED ALLELES 
DNA was extracted from two-week old seedlings using the described methods of 
the PureGene® DNA Purification Kit (Gentra Systems, Inc., Minneapolis, MN).  Quality 
and quantity of isolated DNA was assessed on 1% (w/v) agarose gels by comparing 
bands to known concentrations of λ DNA.   
Polymerase chain reactions (PCR) were carried out in a BioRad MyCyler™ 
thermal cycler (Hercules, CA).  Reaction mixtures totaled 25 µl.  Each reaction 
contained 50 ng of template DNA, 250 nM of each primer, 300 µM of dNTPs, 250 µM of 
MgCl2, 1X PCR buffer, and 1.25 U Taq polymerase.  PCRs were carried out with the 
following program: 3 minutes at 94°C; 1 minute at 94°C, 1 minute at the appropriate 
annealing temperature, and 2 minutes at 72°C for 45 cycles; and a final extension step 
of 10 minutes at 72°C.  Amplification products were visualized on either 3% (w/v) 
agarose gels or 6.9% (v/v) polyacrylamide (acrylamide:bisacrylamide 19:1) gels.  
Running conditions for the agarose gels were 100 V for 3 hours and 300 V for 5 hours 
for the polyacrylamide gels.              
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FUSARIUM GRAMINEARUM INOCULATION 
Inoculations were not planned for 2004, however a FHB epidemic occurred.  
Therefore severity was recorded for 10 heads per plot as a percentage of infected 
spikelets.  In 2006, experimental plots were inoculated with a macroconidial suspension 
(50,000 macroconidia mL-1).  The suspension consisted of a mixture of eight field 
isolates of F. graminearum that were collected in 1999 from random locations 
throughout Kentucky.  Macroconidial inoculum was produced on mung bean broth as 
described in Bai et al. (2000) with the following modifications.  One liter of water was 
brought to a boil, removed from heat and allowed to cool approximately 30 seconds.  
Forty grams of mung beans were added to the hot water and allowed to steep for 10 
minutes.  Approximately 75mL of the broth were filtered with cheesecloth into 125mL 
Erlenmeyer flasks.  The flasks were then autoclaved for 20 minutes and cooled 
overnight.  Flasks containing the cooled mung bean broth were inoculated with mycelia 
of F. graminearum, placed in the dark on an orbital shaker with 200 revolutions per 
minute (rpm) for 3-7 days.     
In 2006, the experimental plots were inoculated twice at two locations, two 
replications per location.  Approximately 40 mL (30 mL m-1) of inoculum were applied to 
each plot using a Solo® Piston Pump Backpack Sprayer.  The first application was 
approximately at flowering (GS 10.5, Feeks Scale) on 9 May 2006 at Lexington, KY, 
and 12 May 2006 at Woodford County, KY.  The second application was 1 week after 
flowering on 16 May 2006 at Lexington, KY, and 18 May 2006 at Woodford County, KY.  
Approximately 50 heads per plot were harvested from the inoculated area and threshed 
and this grain was used to assess Fusarium-damaged kernels and DON accumulation. 
 
FUSARIUM-DAMAGED KERNELS 
In 2006, Fusarium-damaged kernels (FDK) were separated from healthy kernels 
using a modified Precision Machine head thresher (Precision Machine Company, Inc., 
Lincoln, NE).  Weight of damaged and healthy kernels were weighed and used to 
determine the percent of FDK by dividing the weight of damaged kernels by total weight. 
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DON QUANTIFICATION 
In 2004 and 2006, five grams of grain were ground for approximately 15 seconds 
in a coffee grinder and placed into disposable 25mL centrifuge tubes.  To reduce 
contamination the grinder was cleaned between samples by blowing residual wheat 
meal out of the grinder with a Shop-Vac®.  Twenty-five mL of distilled water was added 
to each sample and shaken on an orbital shaker at 100 revolutions per minute (rpm) for 
10 minutes.  The samples were then tested for DON levels following the described 
methods of the EZ-Quant™ Vomitoxin Test Kit (Diagnostix, Mississauga, Ontario, 
Canada).  Two replications from each location were tested. 
 
DISEASE ASSESSMENT 
 Glume blotch (Stagonospora nodorum (Berk.) Castell & Germano) was rated with 
a 0-9 scale (McNeal et al., 1971) where 0 indicates no visible disease symptoms and 9 
indicates abundant disease symptoms.  Leaf rust (Puccinia triticina Eriks) and powdery 
mildew (Erysiphe graminis f. sp. tritici Marchal) ratings were also rated with a 0-9 scale 
(McNeal et al., 1971) where 0 indicates no visible sporulation and 9 indicates abundant 
sporulation.  Finally, average Fusarium head blight (FHB; Fusarium graminearum 
Schwabe) severity was determined by calculating the proportion of infected spikelets 
per head for 10 wheat heads per plot and FHB incidence was determined by calculating 
the proportion of infected heads within one meter.   
 
Statistical Analyses 
 
SEED COAT COLOR: EXPERIMENTAL LINES 
Combined analyses of variance were conducted for powdery mildew disease 
ratings at 2 environments, heading date at 3 environments, height at 4 environments, 
and yield and test weight at 5 environments.  Environment, replication, population, color, 
and the interaction effects were evaluated as a split-plot analysis using a mixed effects 
model as follows: 
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  Yijkl = µ + ei + rij + pk + cl + (epik) + (ecil) + (prkij) +Eijkl
Where: 
Yijkl= the observation of the jth replication, kth population and lth color at the ith   
environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
pk= the effect of the kth population 
 cl= the effect of the lth color 
 (epik) = the effect of the interaction of ith environment and kth population 
 (ecil) = the effect of the interaction of ith environment and lth color 
(prkij) = the effect of the interaction of kth population and jth replication in the ith 
environment 
 Eijkl=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment, population, color, and environment x population 
and environment x color interactions as fixed effects and replication(environment) and 
population x replication(environment) as random effects.  Least squares means were 
calculated for seed coat color and population by PROC MIXED. 
Individual analyses of variance were conducted for yield at 5 environments due 
to a significant environment x color interaction.  Population, color, and replication were 
evaluated as a split-plot analysis using a mixed effects model as follows: 
  Yijk = µ + ri + pj + ck+ (rpij) + Eijk
Where: 
 Yijk= the observation of the ith replication, jth population, and kth color 
 µ= overall mean 
ri= the effect of the ith replication 
 pj= the effect of the jth population 
 ck= the effect of the kth color 
 (rpij)= interaction of ith replication and jth population 
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 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with population and color as fixed effects and replication and 
population x replication interactions as random effects.  Least squares means were 
calculated for seed coat color and population by PROC MIXED and means were 
separated for seed coat color with the PDIFF option of LSMEANS. 
Analyses of variance were conducted for disease ratings (powdery mildew, FHB 
incidence and severity, leaf rust and glume blotch) recorded in 2004 at Princeton, KY.  
Population, color, and replication were evaluated as a randomized complete block 
analysis with the following model: 
 
  Yijk = µ + ri + pj + ck +Eijk
Where: 
 Yijk= the observation of the jth population and the kth color 
 µ= overall mean 
ri= the effect of the ith replication 
 pj= the effect of the jth population 
 ck= the effect of the kth color 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with population and color as the fixed effect and replication as a 
random effect.  Least squares means were calculated for lines and seed coat color by 
PROC MIXED and means were separated with the PDIFF option of LSMEAN. 
 
FDK AND DON ASSESSMENT 
An analysis of variance was conducted for DON accumulation at Princeton, KY in 
2004.  Seed coat color and replication were evaluated as a randomized complete block 
analysis with the following model: 
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  Yij = µ + ri + cj + Eij
Where: 
 Yij= the observation of the ith line, jth replication 
 µ= overall mean 
ri= the effect of the ith replication 
 cj= the effect of the jth color 
 Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with color as a fixed effect and replication as a random effect.  
Least squares means were calculated for seed coat color by PROC MIXED and means 
were separated with the PDIFF option of LSMEAN. 
Combined analyses of variance were conducted for DON accumulation and FDK 
for Lexington and Woodford County, KY, 2005.  Environment, population, color, 
replication, and the interaction effects were evaluated as a split-plot analysis using a 
mixed effects model as follows: 
  Yijkl = µ + ei + rij + pk + cl + (epik) + (ecil) + (prkij) +Eijkl
Where: 
Yijkl= the observation of the jth replication, kth population and lth color at the ith   
environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
pk= the effect of the kth population 
 cl= the effect of the lth color 
 (epik) = the effect of the interaction of ith environment and kth population 
 (ecil) = the effect of the interaction of ith environment and lth color 
(prkij) = the effect of the interaction of kth population and jth replication in the ith 
environment 
 Eijkl=residual error 
 
 22
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment, population, color, and environment x population 
and environment x color interactions as fixed effects and replication and replication x 
population interaction as random effects.  Least squares means were calculated for 
seed coat color and population by PROC MIXED. 
 
SEED COAT COLOR: PARENTAL LINES 
Combined analyses of variance were conducted for powdery mildew ratings at 2 
environments, heading date at 3 environments, height at 4 environments, and yield and 
test weight at 5 environments.  Environment, replication, color, and environment x color 
interaction were evaluated as a randomized complete block design using a mixed 
effects model as follows: 
  Yijk = µ + ei + rij + ck + (ecik) + Eijk
Where: 
Yijk= the observation of the jth replication and the kth color at the ith   environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
ck= the effect of the kth color 
 (ecik) = the effect of the interaction of ith environment and kth color 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment, color, and environment x color interaction as 
fixed effects and replication as a random effect.  Least squares means were calculated 
for seed coat color by PROC MIXED. 
Individual analyses of variance were conducted for yield and test weight in 5 
environments due to significant environment x color interactions.  Color and replication 
were evaluated as a randomized complete block design using a mixed effects model as 
follows: 
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  Yij = µ + ri + cj+ Eij
Where: 
 Yij= the observation of the ith replication, jth color 
 µ= overall mean 
ri= the effect of the ith replication 
 cj= the effect of the jth color 
 Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with color as a fixed effect and replication as a random effect.  
Least squares means were calculated for seed coat color by PROC MIXED and means 
were separated for seed coat color with the PDIFF option of LSMEAN. 
An analysis of variance was conducted for disease ratings (powdery mildew, 
FHB incidence and severity, leaf rust and glume blotch) recorded in 2004 at Princeton, 
KY.  Color and replication were evaluated as a randomized complete block analysis with 
the following model: 
 
  Yij = µ + ri + cj + Eij
Where: 
 Yij= the observation of the ith replication and the jth color 
 µ= overall mean 
ri= the effect of the ith replication 
 cj= the effect of the jth color 
 Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with color as the fixed effect and replication as a random effect.  
Least squares means were calculated for seed coat color by PROC MIXED and means 
were separated with the PDIFF option of LSMEAN. 
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QUALITY 
Combined analyses of variance were conducted for flour protein, softness 
equivalent, flour yield, lactic acid retention, cookie diameter, and top grain from 3 
locations in 2005.  Environment, population, color, replication and environment x color 
environment x population and population x replication interactions were evaluated as a 
split-plot analysis using a mixed effects model as follows: 
 
  Yijkl = µ + ei + rij + pk + cl + (epik) + (ecil) + (prkij) +Eijkl
Where: 
Yijkl= the observation of the jth replication, kth population and lth color at the ith   
environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
pk= the effect of the kth population 
 cl= the effect of the lth color 
 (epik) = the effect of the interaction of ith environment and kth population 
 (ecil) = the effect of the interaction of ith environment and lth color 
(prkij) = the effect of the interaction of kth population and jth replication in the ith 
environment 
 Eijkl=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment, population, color, and environment x population 
and environment x color interactions as fixed effects and replication and replication x 
population interaction as random effects.  Least squares means were calculated for 
seed coat color and population by PROC MIXED. 
Individual analyses of variance were conducted for softness equivalent at 3 
locations in 2005.  Population, color, replication and replication x population were 
evaluated as a split-plot analysis using a mixed effects model as follows: 
  Yijk = µ + ri + pj + ck+ (rpij) + Eijk
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Where: 
 Yijk= the observation of the ith replication, jth population, and kth color 
 µ= overall mean 
ri= the effect of the ith replication 
 pj= the effect of the jth population 
 ck= the effect of the kth color  
(rpij)= interaction of ith replication and jth population 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with population and color as the fixed effect and replication and 
replication x population interaction as random effects.  Least squares means were 
calculated for seed coat color and population by PROC MIXED. 
Combined analyses of variance were conducted for flour protein, softness 
equivalent, flour yield, lactic acid retention, cookie diameter, and top grain for the 
parental lines at 3 locations in 2005.  Environment, color, replication, and the 
environment x color interaction effects were evaluated as a randomized complete block 
design using a mixed effects model as follows: 
 
  Yijk = µ + ei + rij + ck + (ecijk) + Eijk
Where: 
Yijk= the observation of the jth replication, kth color at the ith   environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
ck= the effect of the kth color 
 (ecik) = the effect of the interaction of ith environment and kth color 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment, color, and the environment x color interaction as 
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fixed effects and replication as a random effect.  Least squares means were calculated 
for seed coat color by PROC MIXED. 
Individual analyses of variance were conducted for flour protein at 3 locations in 
2005.  Color and replication were evaluated as a randomized complete block design 
using a mixed effects model as follows: 
  Yij = µ + ri + cj + Eij
Where: 
 Yij= the observation of the ith replication, jth color 
 µ= overall mean 
ri= the effect of the ith replication 
 cj= the effect of the jth color 
Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with color as a fixed effect and replication as a random effect.  
Least squares means were calculated for seed coat color by PROC MIXED. 
 
Results and Discussion 
 
In the fall of 2004, excessive rainfall during October delayed planting; total rainfall 
for October 2004 was 17.7 cm, the average is 6.53 cm.  However, during grain fill 
abiotic and biotic stresses were extremely low and this led to very high yields in 
Kentucky; the state average was 4569 kg ha-1.  In the fall of 2005, the wheat crop was 
planted in a timely fashion.  However, dry conditions in October and November led to 
poor seedling emergence; total rainfall for October 2005 was 2.36 cm and 4.88 cm in 
November 2005, which is a 3.73 cm deficit.  The abiotic and biotic stresses were higher 
than in 2005, but were still relatively low.  Once again, Kentucky had an average yield of 
4569 kg ha-1.   
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SEED COAT COLOR: EFFECT ON AGRONOMIC TRAITS 
Experimental Lines 
Yield, test weight, height, and maturity, i.e. heading date, were recorded for the 
experimental lines in 2005 and 2006 and disease ratings were recorded in 2006.  The 
combined analyses of variance revealed that there were no significant color by 
environment interactions for test weight, height, powdery mildew ratings or heading date 
(Table 3.2), which indicates that the response of seed coat color was similar at all 
locations.  There was no significant effect of seed coat color on test weight, height, 
powdery mildew rating and heading date (Tables 3.2 and 3.3).  The non-significant seed 
coat color effect for heading date was surprising.  Among soft wheat breeders, it is 
commonly thought that white-seeded lines have a later heading date than red-seeded 
lines.  However, in this study, which compared 17 populations, white-seeded progeny 
reached maturity at 128.60 (days, Julian) while red-seeded progeny reached maturity at 
128.58 (days, Julian) (Table 3.3).  It is possible that the anecdotal evidence observed by 
wheat breeders was based on lines that were not closely related; therefore maturity 
differences were more likely affected by genetic factors other than seed coat color.   
The combined analysis of variance for yield revealed a significant environment by 
color interaction (Table 3.2).  This indicates that the response of the red- and white- 
seeded bulks differed between locations; therefore each location was analyzed 
separately.  The individual analyses of variance detected significant differences 
between red- and white- seeded progeny for yield in 2005; however significant yield 
differences between seed coat color classes were not found in 2006 (Table 3.4).  At all 
three locations in 2005, the white-seeded progeny yielded significantly less than the 
red-seeded progeny (Table 3.5).  One possible explanation for the white-seeded 
progeny having a significantly lower yield than the red-seeded progeny is pre-harvest 
sprouting.  Pre-harvest sprouting was observed at all locations in grain samples.  At 
Schochoh I observed the smallest amount of visible sprouting and the smallest 
magnitude of yield difference, approximately 274 kg ha-1 (Table 3.5).  The white-seeded 
progeny at Princeton had the largest amount of visible sprouting and the largest yield 
difference, approximately 1065 kg ha-1.  It has been well documented that detrimental 
effects of pre-harvest sprouting, starch degradation and reduced yield and test weight, 
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can occur without visible signs of sprouting (Belderok, 1968; Derera, 1979; Groos et al., 
2002; Morad and Rubenthaler, 1983).  However, test weight was not significantly 
different between the seed coat color classes (Table 3.2).  Therefore, the reduced yields 
of the white-seeded progeny may not caused by pre-harvest sprouting.  Another 
explanation for the yield reductions in 2005 is that the white-seeded lines have a lower 
yield potential than red-seeded lines.  Therefore when little or no abiotic or biotic 
stresses are present, such as 2005, the white-seeded progeny have significantly lower 
yields.  While when white-seeded lines are produced in environments that have larger 
environmental or biotic stresses, such as 2006, the white-seeded lines do not differ for 
yield from red-seeded lines.  Therefore, the yield potential of white-seeded lines may be 
lower than red-seeded lines.   
In 2004 at Princeton KY, disease ratings for glume blotch, leaf rust, powdery 
mildew, and Fusarium head blight (FHB) were recorded.  The analyses of variance for 
these disease ratings revealed that seed coat color classes did not differ significantly for 
glume blotch, leaf rust, powdery mildew, or FHB severity; however, there was a 
significant color affect on FHB incidence (Table 3.6).  White-seeded progeny had 
significantly higher FHB incidence than the red-seeded progeny (Table 3.7).  There are 
two possible explanations for the white-seeded progeny exhibiting a higher level of FHB 
incidence without significantly higher FHB severity.  The first explanation is sampling 
error.  Severity is recorded by identifying a wheat head displaying FHB symptoms and 
recording the number of infected spikelets and the total number of spikelets in order to 
later calculate percent severity.  Incidence is recorded by counting the total number of 
wheat heads within one meter and counting the number of heads exhibiting visible 
symptoms of FHB.  Therefore, it is possible that after many hours of rating for these 
diseases, I was inadvertently choosing wheat heads that displayed the fewest 
symptoms, i.e. the heads that would take the least amount of time to read.  However, 
incidence would be much less subject to this type of human error because all heads 
within a meter were counted.  The second explanation could be that F. graminearum 
macroconidia are more sensitive to tannins than the mycelia.  It has been well 
documented that plant-derived tannins exhibit antibacterial and antifungal properties 
(De Lucca et al., 2005; Digrak et al., 1999; Waniska et al., 2001).  However, if tannins 
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restricted both macroconidial germination and mycelial growth both incidence and 
severity would be expected to be lower in the red-seeded progeny.  However, incidence 
was significantly lower for the red-seeded progeny while severity was not.  Therefore, it 
is possible tannins present in the red-seeded wheat bran reduced macroconidia 
germination while the mycelial growth was unaffected by the tannins.  This would result 
in lower incidence of FHB on red-seeded progeny while no differences would be 
detected for FHB severity.   
 DON accumulation was recorded at Princeton 2004 and Lexington and Woodford 
County 2006 and Fusarium-damaged kernels (FDK) were recorded at Lexington and 
Woodford County 2006.  A significant effect of seed coat color was found at Princeton 
2004 for DON accumulation (Table 3.8).  The white-seeded progeny had a significantly 
higher level of DON than the red-seeded progeny (Table 3.9).  Similarly, in 2006 a 
significant difference for seed coat color was revealed for DON accumulation at P<0.10 
(Table 3.10).  The white-seeded progeny had a significantly higher DON level than the 
red-seeded progeny (Table 3.11).  Significant differences for FDK in 2006 were not 
found (Table 3.10).  The magnitude of difference for DON accumulation between the 
red- and white- seeded progeny was quite different in the two years (3.03 ppm in 2004 
and 0.28 ppm in 2006).  This is probably because in 2004 environmental conditions 
were extremely conducive for FHB growth and a natural epidemic occurred.  In contrast, 
the environmental conditions in 2006 were not conducive for FHB growth and a natural 
epidemic did not occur; experimental plots were inoculated with a macroconidial 
suspension.  This may have resulted in a more striking difference between the DON 
levels of white- and red-seeded progeny in 2004 than 2006.  However, in both years a 
similar trend was identified; white-seeded progeny had higher levels of DON than red-
seeded progeny.  These results corroborate published data (Schaafsma et al., 2001) 
and anecdotal evidence that white-seeded lines have higher DON accumulation.   
It is commonly thought that the higher levels of DON are due to the fact that 
white-seeded wheat is milled closer to the bran than red-seeded wheat (David Van 
Sanford, personal communication, 2005).  However, in this experiment, and in 
previously published data (Schaafsma et al., 2001), whole grain wheat meal, which 
contained the bran layer, was used to conduct DON analyses.  Therefore, it seems that 
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some inherent factor of white-seeded wheat results in higher DON accumulation.  DON 
is a virulence factor of F. graminearum (Desjardins et al., 1996; Eudes et al., 1997; 
Mirocha et al., 1997; Proctor et al., 1995) which spreads in advance of the fungus (Kang 
and Buchenauer, 1999).  Therefore, one possible explanation for the higher levels of 
DON accumulation in white-seeded lines is that white-seeded wheat lines lack tannins 
in the bran.  Plant-derived tannins have been shown to exhibit antibacterial and 
antifungal properties (De Lucca et al., 2005; Digrak et al., 1999; Waniska et al., 2001).  
Therefore, the tannins in the red-seeded lines may be able to inhibit F. graminearum 
growth and thereby reduce DON accumulation.  However, as indicated by the above 
incidence and severity data, tannins may inhibit mycelial growth.  Therefore, it is also 
possible that DON may simply accumulate higher in white-seeded lines than red-
seeded lines, i.e., the amount of mycelial growth may be similar in both red- and white- 
seeded lines, however DON levels may simply be higher in white-seeded lines.   
Parental Lines 
The parental lines of the 17 populations were analyzed separately from the 
experimental lines.  This was because the experimental lines were analyzed as a split-
plot design; population represented the whole plot and seed coat color represented the 
split plot.  For each parental line there was only one seed coat color, therefore the 
parental lines were analyzed as a randomized complete block design.  As with the 
experimental lines, agronomic and disease data were recorded in 2005 and 2006.  For 
the combined analyses of variance for the parental lines, environment x color 
interactions were significant for yield and test weight (Table 3.12); therefore, individual 
analyses of variance were conducted for yield and test weight.  The combined analyses 
of variance revealed that seed coat color did not significantly affect powdery mildew 
rating or height (Table 3.12); however white-seeded parental lines had a significantly 
later maturity date than the red-seeded parental lines (Tables 3.12 and 3.13).  These 
results support anecdotal evidence that white-seeded lines have a later heading date 
than red-seeded lines.  However, as discussed above red- and white- seeded progeny 
derived from the same population did not have significantly different heading dates.  
Therefore, it appears that differences in maturity are most likely due to varietal 
differences, not seed coat color differences. 
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The individual analyses of variance for yield found seed coat color differences for 
yield at Schochoh and Lexington 2005 and Lexington 2006 (Table 3.14).  In all cases, 
white-seeded parental lines had significantly lower yields than the red-seeded lines 
(Table 3.15).  The individual analyses of variance for test weight revealed that the white-
seeded parental lines had a significantly lower test weight at Schochoh, Lexington, and 
Princeton in 2005 than the red-seeded parental lines (Tables 3.16 and 3.17).  The 
significant reductions in yield and test weight were most likely due to pre-harvest 
sprouting, because at Schochoh, Lexington, and Princeton 2005 visible sprouting was 
observed and at Lexington 2006, extreme weathering occurred.  As discussed earlier, it 
has been well documented that pre-harvest sprouting can reduce yield and test weight 
without visible symptoms (Belderok, 1968; Derera, 1979; Groos et al., 2002; Morad and 
Rubenthaler, 1983).  However, it is not clear why Princeton 2005 did not also have a 
significant yield reduction for white lines, because visible sprouting was observed at this 
location as well.   
The analyses of variance for disease data that were collected at Princeton 2004, 
and Lexington and Woodford County 2006, revealed no significant differences in glume 
blotch, leaf rust, powdery mildew, FHB severity, FHB incidence, DON accumulation and 
FDK for seed coat color class (Tables 3.18-3.20).  As noted earlier, no significant 
differences for disease data were detected for the experimental lines, except for DON 
accumulation.  However, it is not surprising that the parental lines do not differ 
significantly for DON accumulation because the parental lines are released cultivars or 
advanced experimental lines.  Therefore, they have probably been selected for FHB 
resistance, which could explain the reason the parental lines did not differ for DON 
accumulation.    
 
SEED COAT COLOR: EFFECT ON QUALITY TRAITS 
Milling and baking quality for 9 of the 17 experimental populations and the 
parental lines were analyzed at the USDA-ARS SWQL at Wooster, OH.  Only 9 
populations were chosen because of a restriction on the number of lines that could be 
analyzed at the USDA-ARS SWQL.  For the combined analysis of variance for 
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experimental lines, a significant color by environment interaction for softness equivalent 
was found (Table 3.21).  Therefore individual analyses of variance were conducted for 
softness equivalent (Table 3.22).  Non-significant differences for seed coat color were 
revealed for all quality traits except for softness equivalent at Princeton 2005 (Tables 
3.21-3.23).  The red-seeded progeny had a significantly higher softness equivalent than 
the white-seeded progeny at Princeton, 2005 (Table 3.24).  It is possible that this is a 
result of the extensive sprouting that occurred at Princeton, 2005; therefore, the white-
seeded progeny had significantly inferior quality than the red-seeded progeny.  
For the combined analyses of variance for the parental lines, cookie diameter 
and flour yield were significantly influenced by seed coat color and there was a 
significant color by environment interaction for flour protein (Table 3.25).  Cookie 
diameter and flour yield was significantly higher for the white-seeded parental lines than 
the red-seeded parental lines (Table 3.26).  These differences are most likely due to 
varietal differences and not seed coat differences.  Individual analyses of variance were 
also conducted for flour protein because of a significant genotype by environment 
interaction.  The white-seeded parental lines had significantly higher flour protein at 
Lexington 2005 and a significantly lower flour protein at Schochoh 2005 (Tables 3.27 
and 3.28).  Environmental conditions, such as high temperatures during grain filling 
(Corbellini et al., 1997) and moisture stress (Guttieri et al., 2000), have been shown to 
increase flour protein in hard wheat.  Therefore, the differences in flour protein are most 
likely due to environmental differences at the two locations.   
 
MOLECULAR MARKERS 
Sixteen lines, which had been previously characterized for seed coat color alleles 
(Table 3.29), were screened with six SSR markers (Table 3.30) that have been mapped 
within 10 centiMorgans (cM) of Xabc174, an RFLP marker linked to seed coat color.  
These SSR markers did not produce the expected polymorphisms; therefore, they can 
not be used to screen for seed coat color. 
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Conclusions 
 
Red- and white- seeded progeny, derived from the same population, did not differ 
significantly for milling and baking quality or agronomic traits, except for yield, when 
environmental and biotic stresses were negligible.  Although anecdotal evidence exists 
indicating that white-seeded lines have a later heading date than red-seeded lines, in 
this study, the average heading date of 17 populations did not differ significantly for 
seed coat color class.  In contrast, when abiotic and biotic stresses were very small the 
yield of the white-seeded progeny was significantly lower than the red-seeded progeny.  
However, when abiotic and biotic stresses were larger, the white-seeded progeny did 
not differ for yield from the red-seeded progeny.  This indicates that the white-seeded 
progeny have a lower yielding potential than the red-seeded progeny. 
In addition to yield differences, the white-seeded progeny also accumulated a 
significantly higher level of DON than the red-seeded progeny.  Although it is commonly 
thought that higher levels of DON result from milling closer to the bran layer, I found that 
white-seeded progeny had significantly higher levels of DON accumulation when whole-
grain meal samples were used to assess DON content.  Therefore, the significantly 
higher DON accumulation is probably due to the fact that white-seeded lines lack 
tannins in the bran, which have been demonstrated to exhibit antimicrobial activity.  
Thus, caution should be exercised by producers that choose to grow white-seeded 
cultivars in Kentucky.   
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Carrie Ann Knott 2007 
 34
 35
 
 T
ab
le
 3
.1
: G
en
er
at
io
n 
an
d 
P
ed
ig
re
e 
In
fo
rm
at
io
n 
of
 th
e 
17
 P
op
ul
at
io
ns
 S
el
ec
te
d 
in
 2
00
3 
at
 L
ex
in
gt
on
, K
Y.
P
op
ul
at
io
n
G
en
er
at
io
n
P
ed
ig
re
e
P
ar
en
ta
l S
ee
d 
C
oa
t C
ol
or
†
K
Y0
1C
-1
11
0
F 2
91
C
-1
70
-3
/2
5W
33
//9
1C
-1
71
-2
4/
25
W
33
W
 / 
W
 //
 R
 / 
W
K
Y0
1C
-1
11
1
F 2
91
C
-1
70
-3
/2
5W
33
//C
um
be
rla
nd
/2
5W
33
W
 / 
W
 //
 R
 / 
W
K
Y0
1C
-1
11
2
F 2
91
C
-1
70
-3
/2
5W
60
//2
5W
60
/D
ec
la
ra
tio
n
W
 / 
W
 //
 W
 / 
R
K
Y0
1C
-1
53
9
F 2
Tr
ib
ut
e/
P
ea
rl/
/P
ea
rl/
25
W
60
R
 / 
W
 //
 W
 / 
W
K
Y0
1C
-1
57
6
F 2
25
52
/2
5W
60
//9
1C
-1
71
-2
4/
25
W
60
R
 / 
W
 //
 R
 / 
W
K
Y0
1C
-1
58
3
F 2
25
R
26
/2
5W
33
//G
A
 8
71
33
9W
/2
5W
33
R
 / 
W
 //
 W
 / 
W
K
Y0
1C
-1
58
4
F 2
25
R
26
/2
5W
60
//9
1C
-1
70
-3
/2
5W
60
R
 / 
W
 //
 W
 / 
W
K
Y0
1C
-1
58
5
F 2
25
R
26
/2
5W
60
//2
5R
26
/2
5W
33
R
 / 
W
 //
 R
 / 
W
K
Y0
1C
-1
65
0
F 2
25
W
60
/2
5W
33
//C
um
be
rla
nd
/2
5W
33
W
 / 
W
 //
 R
 / 
W
K
Y0
0C
-2
27
4
F 3
C
um
be
rla
nd
/2
5W
33
R
 / 
W
K
Y0
0C
-2
27
6
F 3
C
um
be
rla
nd
/P
ea
rl
R
 / 
W
K
Y0
0C
-2
70
8
F 3
Tr
ib
ut
e/
25
W
33
R
 / 
W
K
Y0
0C
-2
71
0
F 3
Tr
ib
ut
e/
P
ea
rl
R
 / 
W
K
Y0
0C
-2
76
2
F 3
25
52
/2
5W
60
R
 / 
W
K
Y0
0C
-2
77
9
F 3
25
R
26
/2
5W
33
R
 / 
W
K
Y0
0C
-2
78
0
F 3
25
R
26
/2
5W
60
R
 / 
W
K
Y0
0C
-2
92
7
F 3
G
A
87
13
39
W
/D
ec
la
ra
tio
n
W
 / 
R
† W
=W
hi
te
 S
ee
d 
C
oa
t; 
R
=R
ed
 S
ee
d 
C
oa
t
  
 36
&
 2
00
6,
 P
ow
de
ry
 M
ild
ew
 R
at
in
g 
at
 W
oo
df
or
d 
C
ou
nt
y 
an
d 
Le
xi
ng
to
n,
 2
00
6,
 a
nd
 H
ea
di
ng
 D
at
e 
at
 L
ex
in
gt
on
, 2
00
5 
&
 2
00
6 
an
d 
W
oo
df
or
d 
C
ou
nt
y,
 2
00
6.
S
ou
rc
e
Yi
el
d
(k
g 
ha
-1
)
Te
st
 W
t
(k
g 
m
-3
)
H
t†
(c
m
)
P
M
(0
-9
)
H
D
(J
ul
ia
n)
Yi
el
d
(k
g 
ha
-1
)
Te
st
 W
t
(k
g 
m
-3
)
H
t
(c
m
)
P
M
(0
-9
)
H
D
(J
ul
ia
n)
E
nv
t
4
4
3
1
2
84
31
06
26
94
38
3
30
32
.6
2
89
.4
5
46
74
.9
0
R
ep
(E
nv
t)
5
5
4
2
3
51
00
78
9
21
69
.7
7
12
3.
50
5.
66
3.
66
P
op
ul
at
io
n
16
16
16
15
16
13
44
62
9
36
68
.6
5
10
5.
58
3.
37
3.
30
C
ol
or
1
1
1
1
1
70
77
23
3
19
3.
56
0.
33
0.
01
0.
02
E
nv
t*P
op
62
62
46
15
32
90
18
87
25
02
.2
7
25
.7
9
1.
46
1.
36
E
nv
t*C
ol
or
4
4
3
1
2
38
90
84
8
29
14
.0
8
24
.4
1
0.
07
0.
65
R
ep
*P
op
(E
nv
t)
78
78
62
30
48
87
44
26
19
28
.1
1
26
.3
7
0.
61
0.
95
E
rro
r
15
2
15
5
12
4
62
99
53
29
68
23
21
.9
5
15
.5
9
0.
41
0.
50
C
V
‡
16
.1
0
6.
55
4.
07
16
.4
6
0.
55
† 
H
t =
 H
ei
gh
t; 
P
M
 =
 p
ow
de
ry
 m
ild
ew
 ra
tin
g;
 H
D
 =
 h
ea
di
ng
 d
at
e 
‡  C
V
 =
 C
oe
ffi
ci
en
t o
f V
ar
ia
tio
n
df
M
S
Ta
bl
e 
3.
2:
 C
om
bi
ne
d 
A
na
lys
es
 o
f V
ar
ia
nc
e 
of
 E
xp
er
im
en
ta
l L
in
es
 fo
r Y
ie
ld
 a
nd
 T
es
t W
ei
gh
t a
t L
ex
in
gt
on
, 
S
ch
oc
ho
h,
 P
rin
ce
to
n,
 2
00
5 
an
d 
Le
xi
ng
to
n 
an
d 
W
oo
df
or
d 
C
ou
nt
y,
 2
00
6,
 H
ei
gh
t a
t L
ex
in
gt
on
 a
nd
 S
ch
oc
ho
h,
 2
00
5 
 
 
 37
&
 2
00
6,
 P
ow
de
ry
 M
ild
ew
 R
at
in
g 
at
 W
oo
df
or
d 
C
ou
nt
y 
an
d 
Le
xi
ng
to
n,
 2
00
6,
 a
nd
 H
ea
di
ng
 D
at
e 
at
 L
ex
in
gt
on
, 2
00
5 
&
 2
00
6 
an
d 
W
oo
df
or
d 
C
ou
nt
y,
 2
00
6.
S
ou
rc
e
Yi
el
d
(k
g 
ha
-1
)
Te
st
 W
t
(k
g 
m
-3
)
H
t†
(c
m
)
P
M
(0
-9
)
H
D
(J
ul
ia
n)
E
nv
t
16
.9
0*
*
43
.8
7*
*
24
.2
9*
*
15
.7
9*
12
78
.3
9*
**
R
ep
(E
nv
t)
5.
86
**
1.
12
4.
70
**
9.
22
**
3.
86
*
P
op
ul
at
io
n
1.
65
1.
91
*
4.
02
**
*
5.
50
**
*
3.
48
**
C
ol
or
14
.8
1*
*
0.
09
0.
01
0.
02
0.
04
E
nv
t*
P
op
0.
99
1.
30
1.
02
2.
38
*
1.
43
E
nv
t*
C
ol
or
7.
62
**
*
1.
26
1.
54
0.
17
1.
30
R
ep
*P
op
(E
nv
t)
1.
64
**
0.
83
1.
69
**
1.
50
1.
89
**
E
rro
r
† 
H
t =
 H
ei
gh
t; 
P
M
 =
 p
ow
de
ry
 m
ild
ew
 ra
tin
g;
 H
D
 =
 h
ea
di
ng
 d
at
e 
*P
<0
.0
5
**
 P
<0
.0
1
**
*P
<0
.0
00
1
F
Ta
bl
e 
3.
2 
(c
on
tin
ue
d)
: C
om
bi
ne
d 
A
na
ly
se
s 
of
 V
ar
ia
nc
e 
of
 E
xp
er
im
en
ta
l L
in
es
 fo
r Y
ie
ld
 a
nd
 T
es
t W
ei
gh
t a
t L
ex
in
gt
on
, 
S
ch
oc
ho
h,
 P
rin
ce
to
n,
 2
00
5 
an
d 
Le
xi
ng
to
n 
an
d 
W
oo
df
or
d 
C
ou
nt
y,
 2
00
6,
 H
ei
gh
t a
t L
ex
in
gt
on
 a
nd
 S
ch
oc
ho
h,
 2
00
5 
 
 Table 3.3: Means and Standard Errors (SE) of Seed Coat Color for Test Weight at 
Schochoh, Lexington and Princeton, 2005 and Schochoh and Lexington, 2006, 
Height at Lexington and Schochoh 2005 & 2006, Powdery Mildew Rating at
Lexington and Woodford County 2006, and Heading Date at Lexington 2005 & 
2006 and Woodford County 2006.
Color
Mean SE Mean SE Mean SE Mean SE
Red 735.01 4.38 97.19 0.78 3.89 0.22 128.58 4.40
White 736.30 4.43 97.02 0.78 3.87 0.22 128.60 4.40
Mean 735.66 97.11 3.88 128.59
† Ht = Height; PM = powdery mildew rating; HD = anthesis date 
Test Wt (kg m-3) Ht† (cm) PM (0-9) HD (Julian)
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 Table 3.8: Analysis of Variance of DON Accumulation
at Princeton, 2004, for Experimental Lines.
Source df MS F
Rep 1 2.03 0.15
Color 1 155.35 11.70**
Error 65 13.28
CV† 54.15
† CV = Coefficient of Variation
**P<0.01  
 45
 Table 3.9: Means of DON Accumulation for Seed Coat Color at Princeton, 
2004 for Experimental Lines.
Color Mean (ppm)
Red 5.21 b†
White 8.24 a
Mean 6.73
†Means within a column that do not have letters in common are 
significantly different (t-test, P<0.05).
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 Table 3.11: Means of Experimental Lines for DON Accumulation and  
Fusarium-Damaged Kernels (FDK) of Seed Coat Color at Lexington 
and Woodford County, 2006.
Color DON (ppm) FDK (%)
Red 4.71 a† 18.23
White 4.99 b 19.27
Mean 4.85 18.75
†Means within a column that do not have letters in common are 
significantly different (t-test, P<0.05).
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 Table 3.13: Means of Seed Coat Color of Parental Lines for Height at Lexington 
and Schochoh 2005 & 2006, Powdery Mildew (PM) at Lexington and Woodford County 
2006, and Maturity (HD) at Lexington 2005 & 2006 and Woodford County 2006.
Color Height (cm) PM (0-9) HD (Julian)
Red 92.91 a† 3.68 a 128.37 b
White 95.15 a 3.25 a 129.37 a
Mean 94.03 3.47 128.87
†Means within a column that do not have letters in common are 
significantly different (t-test, P<0.05).
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 Table 3.19: Analysis of Variance of Parental Lines for DON Accumulation at
Princeton, 2004.
Source df MS F
Rep 1 0.04 0.01
Color 1 2.46 0.18
 
Error 18 7.29
CV† 58.44
† CV = Coefficient of Variation
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 Table 3.24: Means of Seed Coat Color for Experimental Lines for Softness 
Equivalent (%) at Schochoh, Lexington, Princeton, 2005.
Color Lex05† Prn05 Sch05
Red 65.56 a‡ 59.49 a 58.32 a
White 65.26 a 58.19 b 57.98 a
Mean 65.41 58.79 58.15
† Lex05 = Lexington, 2005; Prn05 = Princeton, 2005; Sch05 = Schochoh, 2005
†Means within a column that do not have letters in common are significantly 
different (t-test, P<0.05).  
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 Table 3.29: Genotypes of Cultivars Characterized for Seed Coat Color Alleles.
Genotype Cultivar Accession† Country
       R-A1b R-B1a R-D1a‡ Red Bobs Citr 6255 Canada
       R-A1b R-B1a R-D1a Diamant II PI 190489 Sweden
       R-A1a R-B1b R-D1a Grana PI 383348 Poland
       R-A1a R-B1b R-D1a Supreme Citr 8026 Canada
       R-A1a R-B1a R-D1b Mardler PI 447427 UK
       R-A1a R-B1a R-D1b Apollo Citr 10075 Canada
       R-A1b R-B1b R-D1a Avalon PI 446910 UK
       R-A1b R-B1b R-D1a Bersee PI 168661 France
       R-A1a R-B1b R-D1b Sperber PI 476813 Germany
       R-A1a R-B1b R-D1b Brigand PI 447424 UK
       R-A1b R-B1a R-D1b Bezostaya 1 Citr 15158 Russia
       R-A1b R-B1b R-D1b Arin Citr 15207 Germany
       R-A1b R-B1b R-D1b Banco PI 260896 Sweden
       R-A1a R-B1a R-D1a Hiller PI 587026 USA
       R-A1a R-B1a R-D1a Rely PI 542401 USA
       R-A1a R-B1a R-D1a Klasic PI 486139 USA
†National Small Grains Collection Accession Number.
‡At each locus, white allele is designated a and red allele is designated b.
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 Table 3.30: SSR Markers Screened for Seed Coat Color Alleles.
 
Distance from Annealing
Xabc174 (cM) Temp (C)
Xgwm 3 8 55 Wheat Composite 2004-3D
Xgwm 4 0 55 Wheat Composite 2004-3D
Xgwm 4 2 55 Wheat Composite 2004-3B
Xgwm 108 9 60 Wheat Composite 2004-3D
Xgwm 108 9 60 Wheat Composite 2004-3B
Xgwm 114 9 60 Wheat Composite 2004-3D
Xgwm 383 9 60 Wheat Composite 2004-3D
Xbarc 84 7 58 Wheat Composite 2004-3D
Xbarc 84 7 58 Wheat Compostie 2004-3B
†Maps obtained from GrainGenes2.0 
(http://wheat.pw.usda.gov/GG2/index.shtml; verified 24 May 2006)
Marker Map†
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 Chapter 4 
 
Assessment of Three Breeding Methods for  
the Development of Superior White-Seeded Lines 
 
Introduction 
 
Common wheat (Triticum aestivum L.; 2n=42, AABBDD) can be placed into two 
classes based upon seed coat color: red or white.  Kentucky producers predominantly 
grow soft red winter wheat; however soft white winter wheat has been grown in 
Kentucky on a limited basis for a $0.20 bushel-1 premium.  White wheat can be used to 
produce the same products as red wheat with several advantages.  White wheat lacks 
bitter tannins that red wheat bran possesses (Boswell and Shroyer, 2000) thus white 
wheat produces more flour because it can be milled closer to the bran without 
negatively affecting color or flavor, the bran of white wheat can be used in breakfast 
cereals and white wheat can also be used to produce more appealing whole wheat 
products (Boswell and Shroyer, 2000).   
Seed coat color in wheat is controlled by three genes, which are located on the 
long arms (McIntosh et al., 1998; Nelson et al., 1995) of chromosomes 3A, 3B, and 3D 
(Metzger and Silbaugh, 1970; Sears, 1944), each with two alleles.  Red alleles are 
dominant to the white alleles (Nilsson-Ehle, 1909; Strickberger, 1976).  The range of 
seed coat colors depends on the number of red alleles present; the homozygous 
dominant (R1R1R2R2R3R3) phenotype is a much darker red than the double 
(R1R1R2R2r3r3; R1R1r2r2R3R3; r1r1R2R2R3R3) or single (R1R1r2r2r3r3; r1r1R2R2r3r3; 
r1r1r2r2R3R3) dominant phenotypes.  White-seeded wheat is conferred by a triple 
recessive genotype.   
Soft red wheat breeders generally do not characterize or select lines for a 
specific seed coat color genotype; therefore, soft red winter wheat cultivars and 
experimental breeding lines that possess red color alleles at one, two, or three loci are 
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 likely to occur.  As a result, white-seeded progeny from red by red crosses frequently 
occur and in theory, white wheat breeding programs could be established relatively 
easily in an existing red wheat breeding program.  The practical difficulty in developing 
this type of program has not been described. 
Many studies have investigated the effectiveness of early-generation selection in 
self-pollinated crops and have reported conflicting results.  Early-generation selection 
for yield, maturity and height in soybeans has been found to be both effective (Mahmud 
and Kramer, 1951; St. Martin and Geraldi, 2002) and ineffective (Weiss et al., 1947).  It  
has also been reported as effective in barley for yield, test weight, height and heading 
date (Frey, 1954) and in wheat for yield (Harrington, 1940) and grain fill period (Sharma, 
1994).  However, early-generation selection has been reported to be an ineffective 
selection method for yield (Briggs and Shebeski, 1971; DePauw and Shebeski, 1973; 
Fiuzat and Atkins, 1953; Knott, 1972; Knott and Kumar, 1975) and breadmaking quality 
in wheat (Briggs and Shebeski, 1971) and yield in barley (Fiuzat and Atkins, 1953).   
Prompted by these conflicting reports, Bernardo (2003) investigated the 
effectiveness of early-generation selection in self-pollinated crops.  In a simulation 
paper, he examined genetic and phenotypic correlations between line performance in 
early generations and at homozygosity.  He found that the expected genetic correlations 
between performance of breeding lines at an early generation, F2-derived lines, and at 
homozygosity are high (rg=0.707).  The genetic correlations continued to increase as 
the generation in which selection takes place increases; the genetic correlation for F3-, 
F4-, and F5- derived lines is 0.866, 0.935, and 0.968, respectively (Bernardo, 2003).  
Therefore, based purely on genetic estimates, early-generation selection is expected to 
be effective for self-pollinated crops.  However, Bernardo found that the correlation 
between the phenotypic mean of a breeding line and the genotypic mean of a 
descendant homozygous line can be greatly affected by non-genetic effects.  Bernardo 
also states that the usefulness of early-generation selection not only depends on its 
effectiveness, but also on whether or not more effective methods of line development, 
such as single seed descent, exist (Bernardo, 2003).   
In an earlier simulation paper, Cooper and Sorrells (1984) specifically addressed 
the generation in which white-seeded lines should be selected from red by white 
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 crosses.  The authors considered three generations: F3, F4, and F5.  They assumed that 
the parental lines possessed different alleles for quantitatively inherited traits that were 
controlled by a maximum of 20 loci.  The authors calculated the frequency of desirable 
white-seeded lines by multiplying the frequency of the white genotypes by the frequency 
of desirable quantitative loci. These frequencies were then used to determine which 
generation would produce the highest frequency of white-seeded progeny that also 
possessed desirable loci for a quantitative trait.  Based on their analyses, Cooper and 
Sorrells concluded that regardless of the number of red alleles that the red-seeded 
parent possessed the F3 seed was the best generation to select white-seeded progeny 
that were also segregating for a quantitative trait controlled by 12 or more loci (Cooper 
and Sorrells, 1984).  However, in practice it is unknown whether early-generation 
selection for white-seeded progeny is practical or desirable.   
The objective of this study was to determine whether early- or late- generation 
selection produced the highest frequency of superior white-seeded lines from red by 
white crosses. 
 
Materials and Methods 
 
POPULATION DEVELOPMENT 
In 2003, 9 F2 and 8 F3 bulk populations, which had at least one white-seeded 
parent, were selected at Lexington, KY (Table 4.1).  Selections were based upon 
agronomic traits assessed in the field, such as height, disease resistance, and heading 
date.  The selected populations were combine-harvested on 30 June 2003.   
Early-Generation Bulk Selection Method  
In the fall of 2003, white-seeded progeny, from a sample of the combine-
harvested bulk plot, were visually separated from the red-seeded progeny.  The white-
seeded progeny were used to constitute the early-generation bulk selection method, 
hereafter referred to as early-bulk.  The early-bulk and a sample of the unselected bulk 
seed were advanced for two years.  In the first year, two replications of F3 and F4 seed 
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 were planted into two-row plots, which were 1 m long with 0.20 m between rows, in a 
randomized complete block design near Princeton, KY, on 24 October 2003 and near 
Lexington, KY, on 31 October 2003.  These plots were combine-harvested on 24 June 
2004 and 1 July 2004 at Princeton and Lexington, KY, respectively.  In the second year, 
two replications of F4 and F5 seed were planted as plots that were 1.2 meters by 3 
meters near Lexington, Princeton, and Schochoh, KY, on 8 November, 25 October, and 
5 November, 2004, respectively.  At Princeton, KY, in the summer of 2005, heads from 
approximately 300 F4 or F5 plants that were of short stature, had reached physiological 
maturity, and had large robust heads were selected.  The selected heads were hand 
harvested and threshed.   
Late-Generation Single Seed Descent Selection Method 
In 2003, approximately 300 intact heads, from each of the 17 selected 
populations, were randomly harvested at physiological maturity.  One F3 or F4 seed per 
F2 or F3 head was randomly removed, vernalized for eight weeks, and transplanted into 
the greenhouse in the winter of 2003 for the first cycle of generation advancement.  In 
the spring of 2004, one head per plant was harvested and one seed per head was 
randomly removed.  The seeds were vernalized and during the summer of 2004 plants 
were transplanted into the greenhouse for a second cycle of advancement.  F3:4 or F4:5 
heads were harvested in the fall of 2004 and were planted near Lexington, KY in head 
hills that were spaced approximately 0.3 m apart within the rows and approximately 0.9 
m apart between rows.  In the summer of 2005, nine populations were selected (Table 
4.1); selections were based on maturity, disease resistance, height, and plant vigor.  
The selected F3:5 and F4:6 head hills were bulk threshed and visually inspected to 
identify white-seeded lines; the white-seeded lines were advanced.  One hundred thirty-
six, twenty-four, and fourteen lines were identified as white-seeded for populations 
KY01C-1112, KY00C-2276, and KY00C-2779, respectively.  Hereafter, the late-
generation single seed descent selection method will be referred to as SSD.   
Late-Generation Bulk Selection Method  
Approximately 3000g of grain, which was segregating for seed coat color, from 
the nine selected F4 and F5 bulk populations was sent to Dr. Allen Fritz at Kansas State 
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 University (KSU) to sort red- and white- seeded kernels using near-infrared reflectance 
(NIR) spectra (Dowell, 1998; Wang et al., 1999c).  After NIR sorting, the red- and white- 
seeded bulks were returned to the University of Kentucky for inclusion in this study.  
The late-generation bulk selection method will hereafter be referred to as the late-bulk.     
COMPARISON OF SELECTION METHODS 
In the summer of 2005, to reduce space and labor requirements, three 
populations, population KY01C-1112, population KY00C-2276, and population KY00C-
2779, hereafter referred to as KY01C-1112, KY00C-2276, and KY00C-2779, were 
selected for further testing based on agronomic characteristics and the putative number 
of red color alleles that the red parent possessed (Table 4.2).  Putative number of red 
color alleles was determined by soaking 300 F4 or F5 kernels from Schochoh KY in 1M 
NaOH for 2 hours and counting the number of red and white seeds.  The F4 or F5 
kernels comprised a random sample taken from the unselected bulk population that was 
segregating for seed coat color.  Based on the ratio of red to white seed the putative 
number of red color alleles was determined using χ2 Goodness of Fit tests (Table 4.2).   
In the fall of 2005, a split-plot design was planted to assess the three breeding 
methods.  Three head-rows, 1 m long with 0.20 m between rows, were planted per 
whole plot (subsequently referred to as set); each head-row represented one of three 
breeding methods.  The study was planted in October 2005 near Lexington and 
Princeton, KY with two replications at each location.  F4:5 and F5:6 seed from the 
individually selected bulk heads from Princeton 2005 was used to represent early-
generation bulk selection; approximately one gram (30 seeds) of F3:6 and F4:7 seed from 
a single head hill harvested at Lexington was used for the SSD; approximately one 
gram of F5 and F6 seed from the white bulk sent back from KSU was used for the late-
bulk.  Agronomic traits, such as yield, test weight, height, heading date, and disease 
resistance, were recorded for each plot.  Plots were hand harvested in June 2006.   
WHEAT MEAL ASSAYS 
Twenty grams of wheat grain from each plot was ground into wheat meal with a 
UDY Cyclone sample mill equipped with a 1 mm sieve.  
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 Wheat meal SDS sedimentation volume was measured as described in (Guttieri 
et al., 2004) with minor modifications.  Ten mL deionized water was dispensed with a 
bottle-top dispenser into 25 mL glass graduated cylinders, which had ground glass 
stoppers.  One gram of wheat meal was added to the graduated cylinders and shaken 
vigorously for approximately 5 sec then placed onto a test tube rocker to rest for 2 min.  
Graduated cylinders were inverted 4 times and allowed to rest 2 min; graduated 
cylinders were inverted once more.  Ten mL 2.5% sodium lauryl sulfate was added to 
each graduated cylinder using a bottle-top dispenser.  The cylinders were inverted 4 
times and allowed to rest for 2 min.  The cycle of inversion and rest was repeated 3 
times, for a total of 4 cycles.  Five mL of 1.1% (w/v) lactic acid was added using a bottle-
top dispenser.  Graduated cylinders were inverted 4 times and allowed to rest; the 
inversion was repeated at 2 min, 4 min, and 6 min after addition of lactic acid.  After the 
final inversion, graduated cylinders were removed from the rocker and allowed to settle 
for 20 min, at which time wheat meal sedimentation volume was recorded.   
Wheat meal sodium carbonate solvent retention capacity (SRC) was measured 
as described in Guttieri et al. (2001) with minor modifications.  Five grams of wheat 
meal was placed into disposable 50 mL centrifuge tubes and 25 mL of 5% (w/w) sodium 
carbonate was added using a bottle-top dispenser.  The wheat meal was suspended 
into the sodium carbonate by horizontally shaking the tubes vigorously for 
approximately 5 sec.  Samples were placed horizontally onto an orbital shaker and 
shaken for 20 min at approximately 100 rpm.  Next, the tubes were centrifuged at 1000 
x g for 15 min.  After centrifugation, the supernatant was decanted; the tubes were 
drained on absorbent towels for 10 min and then weighed.  Solvent retention capacity 
was calculated with the following equation: 
 
 SRC = 100 *((Pellet weight/Flour weight) * (86/(100-Wheat Meal Moisture))-1) 
Statistical Analyses 
 Preliminary analyses were conducted using PROC MIXED in SAS (version 8.2; 
SAS Institute, Inc., 1999) with the following model: 
Yijkl = µ + ei + rij + sk + ml + (smkl) + (seki) + (emil) + (srkij) + (mrlij) + (meslik) + Eijkl
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 Where: 
Yijkl= the observation of the jth replication, kth set and lth method at the ith 
environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
sk= the effect of the kth set 
 ml= the effect of the lth method 
 (smkl)= the effect of the interaction of kth set and lth method 
 (seki)= the effect of the interaction of the kth set and ith environment 
 (emil)= the effect of the interaction of ith environment and lth method 
(srkij)= the effect of the interaction of the kth set and jth replication in the ith 
environment  
(mrlij)= the effect of the interaction of the lth method and jth replication in the ith 
environment  
(meslik)= the effect of the interaction of the lth method, ith environment, and kth set 
Eijkl=residual error 
 
Environment, method, and the method x environment interaction were fixed 
effects while replication, set, method x set, set x environment, set x replication, method 
x replication, and method x set x environment were random effects.  Based upon these 
analyses all non-significant terms were removed from the model at one time and the 
following models were used. 
Combined analyses of variance for yield, test weight, and height were conducted 
as a split-plot analysis, for each population separately, using PROC MIXED in SAS 
(version 8.2; SAS Institute, Inc., 1999) with the following mixed effects model: 
  Yijkl = µ + ei + rij + sk + ml + (emil) + (smkl) + (srkij) + Eijkl
Where: 
Yijkl= the observation of the jth replication, kth set and lth method at the ith   
environment 
 µ= overall mean 
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 ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
sk= the effect of the kth set 
 ml= the effect of the lth method 
 (emil) = the effect of the interaction of ith environment and lth method 
 (smkl) = the effect of the interaction of kth set and lth method  
 (srkij)= the effect of the interaction of the kth set and jth replication in the ith  
 environment 
Eijkl=residual error 
 
Environment, set, method, method x environment, and method x set were fixed 
effects while replication and set x replication were random effects.  Least squares 
means were calculated for breeding methods by PROC MIXED. 
Individual environment analyses of variance were conducted by population for 
heading date, powdery mildew rating, wheat meal SDS sedimentation volume, wheat 
meal sodium carbonate retention, yield and test weight for KY01C-1112, and height for 
KY00C-2276 and KY01C-1112 as a split-plot analysis with PROC MIXED in SAS 
(version 8.2; SAS Institute, Inc., 1999) with the following mixed effects model: 
  Yijk = µ + ri + sj +mk + (rsij) + Eijk
Where: 
 Yijk= the observation of the ith replication, jth set, and kth method 
 µ= overall mean 
ri= the effect of the ith replication 
 sj= the effect of the jth set 
mk= the effect of the kth method 
(rsij)= the effect of the interaction of ith replication and jth set  
Eijk=residual error 
 
Set and method were fixed effects while replication and set x replication were 
random effects.  Least squares means were calculated for breeding method by PROC 
MIXED. 
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 χ2 goodness of fit was calculated (Snedecor and Cochran, 1989) to determine 
the number of putative red alleles parental lines possessed. 
Variance among genotype means of yield, test weight, and height for all 
populations combined was calculated with PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with the following mixed effects model: 
Yijk = µ + ei + rj + sk + (srkj)+ Eijk
Where: 
Yijk= the observation of the jth replication, and kth set at the ith   environment 
 µ= overall mean 
ei= the effect of the ith environment 
rj= the effect of the jth replication  
sk= the effect of the kth set 
 (srkj) = the effect of the interaction of kth set and jth replication 
 Eijk=residual error 
Set and environment were fixed effects while replication and set x replication 
were random effects.   
Variance among genotype means for powdery mildew resistance, heading date, 
wheat meal SDS sedimentation volume, and wheat meal sodium carbonate retention for 
all populations combined was calculated with PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with the following mixed effects model: 
Yij = µ + ri + sj + (srij)+ Eij
Where: 
Yijk= the observation of the ith replication, jth set  
 µ= overall mean 
ri= the effect of the ith replication  
sj= the effect of the jth set 
 (srij) = the effect of the interaction of jth set and ith replication 
 Eij=residual error 
Set was a fixed effect while replication and set x replication were random effects.   
The skewness of each trait was estimated for each population using PROC 
UNIVARIATE in SAS (version 8.2; SAS Institute, Inc., 1999).  Mean skewness was 
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 calculated for each trait using skewness data from the three populations.  To determine 
if differences existed for skewness of the normal distribution among breeding methods a 
one-way analysis of variance for each trait was conducted for mean skewness using 
PROC GLM in SAS (version 8.2; SAS Institute, Inc., 1999) with the following model: 
Yi = µ + mi + Ei
Where: 
Yi= the observation of the ith method  
 µ= overall mean 
mi= the effect of the ith method 
Ei=residual error 
 
To determine which selection method produced the largest percent of superior 
white-seeded lines a one-way analysis of variance was conducted for means of the 
percent of selected lines and least squares means were calculated with PROC MIXED 
in SAS (version 8.2; SAS Institute, Inc., 1999) with the following fixed effect model: 
Yi = µ + mi + Ei
Where: 
Yi= the observation of the ith method  
 µ= overall mean 
mi= the effect of the ith method 
Ei=residual error 
 
Results and Discussion 
TESTING CONDITIONS 
In the fall of 2005, when the wheat crop was planted, weather conditions were 
extremely dry, which resulted in poor seedling emergence.  During grain fill low levels of 
biotic and abiotic stresses were present.  Unfortunately, extreme weathering of the 
mature grain occurred at Lexington, 2006.  Thus, shriveled grain was harvested from 
Lexington while sound grain was harvested from Princeton, 2006.     
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 VARIANCE EXPECTATIONS 
 To determine whether early- or late- generation selection of white-seeded 
progeny from red by white crosses produced the highest frequency of superior white-
seeded lines three breeding methods were compared: early-bulk, SSD, and late-bulk.  
Single seed descent is not a common breeding method for soft winter wheat, mainly 
because of its vernalization requirement.  In addition, it is commonly thought within the 
wheat community that single seed descent may produce significantly more inferior 
genotypes than other breeding methods, i.e. single seed descent has a negatively 
skewed normal distribution (David Van Sanford, personal communication, 2007).  
However, it was included in this study because one can quickly advance lines to 
homozygosity while retaining a large amount of genetic variation among lines within a 
population.  A modified-bulk breeding method is utilized at the University of Kentucky; 
therefore, early- and late- generation bulk selection methods were included in this study.   
For all traits examined, the late-bulks contained the smallest amount of genetic 
variation while the homozygous SSD lines contained the largest amount of variation 
among genotype means, except for heading date (Table 4.3).  For heading date the 
early-bulk contained the largest amount of variation.  This was unexpected, because 
selection for maturity was imposed in the early-bulks.  However, when selection was 
imposed most plants had reached maturity.  It is possible that although extremely late 
lines were not selected a significant amount of variation still remained within the early-
bulk lines that were selected.  For the remainder of the traits the late-bulk lines 
contained the smallest amount of variation, and the early-bulk contained an 
intermediate level of variation (Table 4.3).  These results were expected because the 
SSD lines were a random sample of white-seeded lines, while the early-bulk lines were 
selected for short stature and maturity in 2005 and the late-bulks were a heterogeneous 
collection of homozygotes.  (For simplicity, the heterogeneous collection of 
homozygotes will also be referred to as lines; although in order to develop pure lines 
from the late-bulks further selection would be necessary.)  The selection that was 
imposed for the early-bulks most likely reduced the amount of variation among lines, 
while the reduced variance among lines for the late-bulks is most likely a consequence 
of the late-bulks possessing variance both among lines and within lines.  Comparisons 
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 between pure lines and heterogeneous mixtures of homozygotes are not generally 
conducted.  However, this study required a large amount of white-seeded progeny.  To 
obtain the largest amount of white-seeded progeny possible, selection for seed coat 
color was delayed until 2005.  The delay in selection resulted in comparisons between 
pure lines and heterogeneous mixtures of homozygotes.   
AGRONOMIC TRAITS AND WHEAT MEAL-BASED ASSAYS 
Yield, test weight, and height were recorded for all experimental plots at 
Lexington and Princeton in 2006.  Powdery mildew resistance was also recorded at 
Lexington in 2006; it was not recorded at Princeton because visible symptoms of 
powdery mildew were not observed.  In addition, maturity was recorded at Lexington 
and wheat meal SDS sedimentation volume and wheat meal sodium carbonate 
retention was measured on grain from Princeton only because seed quality at Lexington 
was poor.   
The combined analyses of variance for yield revealed a significant environment 
by method interaction for KY01C-1112 (Table 4.4); therefore individual analyses of 
variance were conducted for yield of this population (Tables 4.5 and 4.6).  The individual 
analyses of KY01C-1112 revealed that the significant environment by method 
interaction was due to differences in scale and not differences in rank (Table 4.7), thus 
combined analyses of variance will be considered for this population. 
The combined analyses detected significant yield differences between breeding 
methods for all populations (Table 4.4).  The late-bulk resulted in the significantly lowest 
yield in all three populations (Table 4.8).  For KY00C-2276, the early-bulk, 4516 kg ha-1, 
had a significantly higher yield than the SSD, 4070 kg ha-1 (Table 4.8).  The early-bulk 
was expected to perform better than the SSD because agronomic selections were 
imposed for the early-bulk in 2005.   Although agronomic selections were based on 
height, head size, and maturity, rather than yield, the selection may have indirectly 
affected yield.  However, for KY01C-1112, the SSD mean yield (4505 kg ha-1) was 
significantly greater than that of the early-bulk (4092 kg ha-1; Table 4.8).  This was not 
surprising, because SSD populations are expected to contain a large amount of genetic 
variation among lines.  In contrast, the genetic variation among early-bulk lines may 
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 have been narrowed as a result of selection imposed in 2005 (Table 4.3).  Therefore, 
this could explain the reason that the SSD had a significantly higher yield than the early-
bulk for this population.  Finally, the early-bulk did not differ significantly from the SSD 
for KY00C-2779 (Table 4.8).   
The combined analyses of variance for test weight detected a significant method 
by environment interaction for KY01C-1112 (Table 4.9); therefore individual analyses of 
variance for test weight were conducted for KY01C-1112 (Tables 4.5 and 4.6).  For 
KY00C-2276 non-significant method by environment interactions were found and 
therefore combined analyses of variance were used (Table 4.9).  No significant 
differences between breeding methods were found for KY00C-2779 (Table 4.9). 
The late-bulk had a significantly lower test weight for the combined analyses for 
KY00C-2276 (Table 4.8) and for KY01C-1112 at Lexington (Table 4.7).  For KY00C-
2276 the early-bulk had a significantly higher test weight than the SSD and late-bulk 
(Table 4.8) and the early-bulk had a significantly higher test weight than the SSD for 
KY01C-1112 at Lexington (Table 4.7).  Non-significant differences were detected at 
Princeton for KY01C-1112 (Table 4.7).  It is possible that test weight at Princeton, for 
KY01C-1112, did not differ between the selection methods because this environment 
produced sound, healthy grain.  In contrast, at Lexington the grain was severely 
shriveled.  The shriveled grain resulted from weathering and from infections by the 
fungal pathogen Fusarium graminearum, which causes Fusarium Head Blight (FHB), a 
disease known to negatively affect grain quality (McMullen et al., 1997; Parry et al., 
1995; Snijders, 1990).  Therefore, significant differences between breeding methods for 
test weight of KY01C-1112 at Lexington and not Princeton could possibly be due to 
differences in FHB resistance.  As noted earlier, the early-bulk was advanced in the field 
for two years and agronomic selections were imposed in 2005.  Although the late-bulk 
was also advanced for two years in the field no agronomic selections were imposed.  
Therefore, the selection imposed on the early-bulk may have resulted in genotypes with 
higher levels of FHB resistance.     
Combined analyses of variance for height were also conducted.  Significant 
differences between selection methods for height were not revealed for KY00C-2779; 
however, significant method by environment interactions were detected for the other two 
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 populations (Table 4.10).  Therefore, individual analyses of variance for KY01C-1112 
(Table 4.5 and 4.6) and KY00C-2276 (Table 4.11) were conducted.  For KY00C-2276 at 
Princeton, the late-bulk had significantly taller plants, 89 cm, than the early-bulk, 85 cm 
(Table 4.12).  The late-bulk was expected to produce taller plants than the early-bulk 
because selection has been imposed for height in developing the early bulks.  Although 
the late-bulks (84 cm) were significantly taller than SSD lines (83 cm) or early- bulks (83 
cm) for KY01C-1112 at Princeton (Table 4.7) such a small differences is of no practical 
importance.  Additionally, the early-bulk and the SSD had significantly taller plants (98 
cm) than the late-bulk at the Lexington location for KY01C-1112 (97 cm; Table 4.7).  
However, as noted above, this small difference is of little practical importance.   
Individual analyses of variance were conducted for maturity, powdery mildew 
rating, wheat meal SDS sedimentation volume, and wheat meal sodium carbonate 
retention.  Significant differences between selection methods were revealed for KY00C-
2276 and KY01C-1112 for maturity; no differences between selection methods were 
found for KY00C-2779 (Table 4.13).  For KY00C-2276, the early-bulk had a significantly 
earlier maturity date than SSD or late-bulk (Table 4.14).  In contrast, the late-bulk had a 
significantly earlier maturity date than the early-bulk for KY01C-1112 (Table 4.14).  As 
discussed above for height, the differences, although statistically significant, were so 
small that they are of little practical importance. 
No significant differences were detected for powdery mildew resistance (Table 
4.15) or wheat meal sodium carbonate retention (Table 4.16).  This was expected 
because in 2005 visible symptoms of powdery mildew were not observed and therefore 
selections for powdery mildew resistance were not imposed for the early-bulk.  In 
addition, selection for wheat meal sodium carbonate retention was not imposed, 
therefore significant differences between selection methods were not expected.  
Significant differences between selection methods were detected for wheat meal SDS 
sedimentation volume of KY01C-1112 (Table 4.16).  The SSD had a significantly lower 
wheat meal SDS sedimentation volume than the other two selection methods (Table 
4.18), although it is unclear why this was observed.   
In most cases, the late-bulk was statistically inferior to the early-bulk or SSD, 
regardless of the number of red alleles that the parental lines possessed.  Therefore, it 
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 appears that the breeding method utilized for the development of white-seeded lines is 
not affected by the number of red alleles that parental lines possess.  In addition, 
contrary to common concerns that single seed descent will produce more inferior 
genotypes, this study found that the skewness of the normal distribution was not 
significantly different among breeding methods for any trait except for yield (Tables 4.19 
and 4.20).  In the case of yield, the early-bulk had a significantly larger skew than the 
SSD (Table 4.20).  This is most likely a result of selection.  As discussed above, the 
early-bulk was selected for short stature, maturity, and head type.  Although yield was 
not a selection criteria, the selection may have indirectly increased yield of the early-
bulks and therefore could have caused the significantly larger positive skew of the 
normal distribution.    
SIMULATED SELECTION 
Although significant differences among selection methods have been identified 
for analyses of all experimental lines, the objective was to determine the selection 
method that produces the highest frequency of superior white-seeded lines from red by 
white crosses; therefore, selection was simulated.  White-seeded lines that possessed 
wheat meal sodium carbonate retention less than 94%, height less than 90 cm, test 
weight greater than 640 kg m-3, yield greater than 4100 kg ha-1, powdery mildew rating 
less than or equal to 3.5, and maturity less than or equal to 128 Julian were selected 
and the percent of lines retained by each breeding method was determined.  An 
analysis of variance for the percent of lines selected revealed significant differences 
between selection methods (Table 4.21).  Across all populations, SSD produced the 
highest frequency of superior white-seeded lines (Tables 4.22 and 4.23).  The 
percentage of superior white-seeded lines produced by SSD (13.9%) was significantly 
(P<0.05) higher than the late-bulk (1.7%) and numerically higher than the early-bulk 
method (9.6%).  As noted earlier, selection for short stature and early maturity in the 
development of the early-bulks may have reduced genetic variation for yield, which was 
retained in the SSD lines.  Thus, the early-bulk did not differ significantly from the SSD 
or late-bulk for the frequency of superior white-seeded lines. 
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 The results of this study support both Cooper and Sorrells’ (1984) conclusion that 
early-generation selection is effective for developing white-seeded lines from red by 
white crosses and Bernardo’s (2003) conclusion that other methods, such as SSD, can 
be more effective than early-generation selection.  Before a soft winter wheat breeder 
can initiate a single seed descent breeding method many issues must be considered.  
First a tremendous amount of greenhouse and field space is required in order to carry 
out single seed descent breeding.  Second, soft winter wheat must be vernalized; 
therefore, the time and space needed for vernalization must be assessed.  Finally, the 
labor requirements for advancement of the lines and book keeping must be addressed.  
Although SSD produced a larger percent of superior lines, it was not statistically 
different from the early-bulk.  Therefore, soft wheat breeders that already employ bulk 
selection method may find it difficult to justify the extra labor and space requirements in 
order to employ single seed descent breeding.           
 
Conclusions 
 
 Analyses of all experimental lines in three populations revealed significant 
differences among selection methods for yield, test weight, height, maturity and wheat 
meal SDS sedimentation volume.  No significant differences were detected for powdery 
mildew rating or wheat meal sodium carbonate retention.  For yield in all populations the 
late-bulks were significantly lower yielding than the other breeding methods.  For 
population KY00C-2276, the early-bulk had significantly higher yields than the SSD, 
while for population KY01C-1112 the SSD was significantly higher yielding than the 
early-bulk.  For test weight of population KY00C-2779 and population KY01C-1112 at 
Princeton no significant differences were detected.  In contrast, for population KY00C-
2276 and KY01C-1112 at Lexington the early-bulks had a significantly higher test 
weight than the other breeding methods.  For population KY00C-2276, SSD and late-
bulk did not differ significantly for test weight, while for population KY01C-1112 at 
Lexington the SSD was significantly higher than the late-bulk. Finally, either no 
statistical or practical differences were identified for height, heading date, powdery 
mildew resistance, or wheat meal sodium carbonate retention.  For wheat meal SDS 
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 sedimentation volume of population KY01C-1112 the SSD was significantly lower than 
the other breeding methods.  However, it is not clear the reason that SSD had a 
significantly lower wheat meal SDS sedimentation volume.  These data indicate that in 
most cases the late-bulk is inferior to the SSD or early-bulk.   
Simulated selection was also conducted for all three populations.  The percent of 
lines retained after selections were made was determined for each breeding method.  
The late-bulk produced significantly less superior white-seeded lines (1.7%) than the 
SSD (13.9%); the early-bulk (9.6%) did not differ significantly from either the late-bulk or 
the SSD.  These results are similar to the results found when all the experimental lines 
were analyzed: the late-bulks were significantly inferior to the early-bulk and SSD.  
Although SSD produced a higher frequency of superior white-seeded lines than the late-
bulk, significant differences between SSD and early-bulk were not detected.  Therefore, 
the utility of SSD breeding in soft winter wheat may be limited, because soft winter 
wheat breeders may not be able to justify the additional labor and space requirements 
necessary for SSD breeding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Carrie Ann Knott 2007 
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 Table 4.2: Populations Selected for Advancement and Putative Number of
Red Alleles of the Parental Lines Assessed from 300 F4 or F5 Seed Collected 
from a Bulk Plot that was Segregating for Seed Coat Color near Schochoh, KY, 2005.
Population Red Parent Putative Number Red Alleles Calculated χ2
KY01C-1112 Declaration 1 2.37
KY00C-2276 Cumberland 2 1.31
KY00C-2779 Pioneer 25R26 3 1.15
Critical χ2, df=1 3.84  
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 Table 4.3: Variance Among Genotype Means for Heading Date (Julian), Powdery Mildew 
Rating (0-9), Yield (kg ha-1), Test Weight (kg m-3), Height (cm), Wheat Meal Sodium 
Carbonate Retention (%), and Wheat Meal SDS Sedimentation Volume (mL) of Breeding 
Methods for All Populations Combined in 2006.
SSD Early-Bulk Late-Bulk
Heading Date 3.87 4.48 2.52
Powdery Mildew Rating 1.95 1.61 1.94
Yield 1,530,287 1,254,370 1,137,090
Test Wt 1256.40 1046.33 702.98
Height 45.47 32.49 28.00
Wheat Meal Sodium 
Carbonate Retention 35.79 22.46 19.04
Wheat Meal SDS
Sedimentation Volume 4.42 3.59 4.15
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 Table 4.7: Means for Yield (kg ha-1), Test Weight (kg m-3), and Height (cm) of 
KY01C-1112 at Lexington and Princeton, 2006.
Method
Lex06† Prn06 Lex06 Prn06 Lex06 Prn06
Late-Bulk 3246.48 c‡ 4100.60 c 633.74 c 706.82 a 97.18 b 84.22 a
SSD 3881.21 a 5143.00 a 638.04 b 708.11 a 98.12 a 83.38 b
Early-Bulk 3710.61 b 4476.63 b 640.70 a 707.28 a 98.00 a 83.46 b
Mean 3612.77 4573.41 637.49 707.40 97.77 83.69
† Lex06=Lexington 2006; Prn06=Princeton 2006
‡Means within a column that do not have letters in common are significantly different (t-test, P<0.05).
Test Weight HeightYield
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 Table 4.8: Means of Yield (kg ha-1), Test Weight (kg m-3), and Height (cm) 
for KY00C-2276, KY00C-2779, and KY01C-1112 at Lexington and 
Princeton, 2006.
KY00C-2276 KY00C-2779 KY01C-1112
N=24 N=14 N=136
Yield
Late-Bulk 3662.72 c† 3311.37 b 3663.33 c
SSD 4070.35 b 3975.81 a 4505.20 a
Early-Bulk 4516.37 a 4033.99 a 4091.70 b
Mean Yield 4083.15 3773.72 4086.74
Test Wt
Late-Bulk 681.56 b 646.48 a 670.12 b
SSD 676.45 b 645.70 a 673.13 a
Early-Bulk 689.17 a 638.18 a 674.30 a
Mean Test Wt 682.39 643.45 672.52
Height
Late-Bulk 94.71 a 85.80 a 90.66 a
SSD 94.62 a 83.88 a 90.72 a
Early-Bulk 93.63 a 85.12 a 90.71 a
Mean Height 94.32 84.93 90.70
†Means within a column and trait that do not have letters in common are significantly
different (t-test, P<0.05).
 98
 T
ab
le
 4
.9
: C
om
bi
ne
d 
A
na
lys
es
 o
f V
ar
ia
nc
e 
fo
r T
es
t W
ei
gh
t (
kg
 m
-3
) a
t L
ex
in
gt
on
 a
nd
 P
rin
ce
to
n 
K
Y,
 2
00
6,
 fo
r K
Y0
0C
-2
27
6,
K
Y0
0C
-2
77
9,
 a
nd
 K
Y0
1C
-1
11
2.
S
ou
rc
e
22
76
†
27
79
11
12
22
76
27
79
11
12
22
76
27
79
11
12
E
nv
t
1
1
1
25
83
3.
00
29
21
18
.0
0
16
73
86
3.
00
0.
60
13
.1
5
79
.7
1*
R
ep
(E
nv
t)
2
2
2
42
52
1.
00
22
61
7.
00
21
05
1.
00
83
.7
9*
**
30
.8
0*
**
15
.0
4*
**
S
et
23
13
13
5
59
7.
16
78
7.
34
18
27
.6
8
1.
07
1.
18
1.
28
*
M
et
ho
d
2
2
2
23
17
.1
5
97
4.
10
17
82
.3
8
6.
35
**
1.
95
6.
04
**
E
nv
t*M
et
ho
d
2
2
2
68
3.
05
85
5.
52
10
39
.2
8
1.
19
1.
88
3.
45
*
S
et
*M
et
ho
d
46
26
27
0
92
7.
65
13
57
.0
6
43
4.
15
1.
64
*
2.
45
**
1.
23
*
R
ep
*S
et
 (E
nv
t)
69
39
39
3
50
5.
29
74
5.
40
14
56
.6
1
0.
89
1.
37
4.
06
**
*
E
rro
r
12
5
68
68
6
56
6.
35
54
4.
66
35
9.
00
C
V
‡
3.
49
3.
63
2.
82
† 
22
76
=K
Y0
0C
-2
27
6;
 2
77
9=
K
Y0
0C
-2
77
9;
 1
11
2=
K
Y0
1C
-1
11
2
‡  C
V
 =
 C
oe
ffi
ci
en
t o
f V
ar
ia
tio
n
*P
<0
.0
5
**
P
<0
.0
1
**
*P
<0
.0
00
1
df
M
S
F-
V
al
ue
 
99
 
 T
ab
le
 4
.1
0:
 C
om
bi
ne
d 
A
na
lys
es
 o
f V
ar
ia
nc
e 
fo
r H
ei
gh
t (
cm
) a
t L
ex
in
gt
on
 a
nd
 P
rin
ce
to
n 
K
Y,
 2
00
6,
 fo
r K
Y0
0C
-2
27
6,
K
Y0
0C
-2
77
9,
 a
nd
 K
Y0
1C
-1
11
2.
S
ou
rc
e
22
76
†
27
79
11
12
22
76
27
79
11
12
22
76
27
79
11
12
E
nv
t
1
1
1
13
34
1.
00
82
89
.1
7
69
03
2.
00
31
.9
9*
35
9.
56
**
58
53
.9
5*
**
R
ep
(E
nv
t)
2
2
2
40
9.
41
23
.4
4
12
.1
3
14
.0
0*
**
0.
44
0.
33
S
et
23
13
13
5
35
.6
7
59
.2
0
43
.3
4
1.
23
1.
05
1.
19
M
et
ho
d
2
2
2
22
.9
0
49
.0
4
3.
69
1.
18
2.
19
0.
04
E
nv
t*M
et
ho
d
2
2
2
13
7.
31
28
.7
3
12
0.
85
4.
82
**
1.
32
6.
72
**
S
et
*M
et
ho
d
46
26
27
0
51
.1
0
29
.9
0
22
.0
2
1.
81
**
1.
39
1.
30
**
R
ep
*S
et
(E
nv
t)
69
39
39
3
29
.2
8
54
.3
0
38
.1
8
1.
06
2.
54
**
2.
22
**
*
E
rro
r
13
1
73
69
9
27
.5
7
21
.4
1
17
.2
0
C
V
‡
5.
57
5.
45
4.
57
† 
22
76
=K
Y0
0C
-2
27
6;
 2
77
9=
K
Y0
0C
-2
77
9;
 1
11
2=
K
Y0
1C
-1
11
2
‡  C
V
 =
 C
oe
ffi
ci
en
t o
f V
ar
ia
tio
n
*P
<0
.0
5
**
P
<0
.0
1
**
*P
<0
.0
00
1
df
M
S
F-
V
al
ue
 
100
 
 T
ab
le
 4
.1
1:
 In
di
vi
du
al
 A
na
ly
se
s 
of
 V
ar
ia
nc
e 
fo
r H
ei
gh
t (
cm
) f
or
 K
Y0
0C
-2
27
6 
at
 L
ex
in
gt
on
 a
nd
 P
rin
ce
to
n 
20
06
.
S
ou
rc
e
Le
x0
6†
P
rn
06
Le
x0
6
P
rn
06
Le
x0
6
P
rn
06
R
ep
1
1
93
3.
94
0.
73
21
5.
56
**
0.
04
S
et
23
23
46
.4
4
14
.2
7
1.
07
0.
86
M
et
ho
d
2
2
37
.9
13
8.
39
1.
22
3.
75
*
E
rro
r
85
92
28
.0
9
38
.8
6
C
V
‡
5.
23
7.
14
† 
Le
x0
6=
Le
xi
ng
to
n,
 2
00
6;
 P
rn
06
=P
rin
ce
to
n,
 2
00
6
‡ 
C
V
= 
C
oe
ffi
ci
en
t o
f V
ar
ia
tio
n
*P
<0
.0
5
**
P
<0
.0
1
df
M
S
F-
V
al
ue
101
 
 Table 4.12: Means for Height (cm) of KY00C-2276 at Lexington and Princeton, 2006.
Method Lexington, 2006 Princeton, 2006
Late-Bulk 100.25 a† 88.99 a
SSD 101.73 a 87.41 ab
Early-Bulk 101.80 a 85.47 b
Mean 101.26 87.29
†Means within a column that do not have letters in common are significantly
 different (t-test, P<0.05).
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 Table 4.14: Means for Heading Date (Julian) of KY00C-2276, 
KY00C-2779, and KY01C-1112 at Lexington, 2006.
Method KY00C-2276 KY00C-2779 KY01C-1112
Late-Bulk 126.72 a† 127.41 a 124.18 b
SSD 127.09 a 127.65 a 124.35 ab
Early-Bulk 125.86 b 127.92 a 124.49 a
Mean 126.56 127.66 124.34
†Means within a column that do not have letters in common are significantly
 different (t-test, P<0.05).
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 Table 4.18: Means for Wheat Meal SDS Sedimentation Volume (mL) of KY00C-2276, 
KY00C-2779, and KY01C-1112 at Princeton, 2006.
Method KY00C-2276 KY00C-2779 KY01C-1112
Late-Bulk 7.93 a† 9.37 a 6.29 a
SSD 7.83 a 8.80 a 5.87 b
Early-Bulk 7.76 a 9.39 a 6.15 a
Mean 7.84 9.19 6.10
†Means within a column that do not have letters in common are significantly
 different (t-test, P<0.05).  
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 Table 4.19: Analyses of Variance for Skewness of Normal Distributions of 
Breeding Methods for Yield (kg ha-1), Test Weight (kg m-3), Heading Date (Julian), 
Powdery Mildew Rating (0-9), Height (cm), Wheat Meal Sodium Carbonate Retention (%), 
and Wheat Meal SDS Sedimentation Volume (mL) Combined Across all Populations and
2006 Locations.
Source df MS F-value
Yield
Method 2 0.70 5.28*
Error 6 0.13
Test Weight
Method 2 0.25 1.57
Error 6 0.16
Heading Date
Method 2 0.85 0.27
Error 6 3.11
Powdery Mildew Rating
Method 2 0.003 0.01
Error 6 0.36
Height
Method 2 0.10 0.32
Error 6 0.33
Wheat Meal Sodium
Carbonate Retention
Method 2 0.27 2.44
Error 6 0.11
Wheat Meal SDS
Sedimentation Volume
Method 2 0.27 0.85
Error 6 0.31
*P<0.05
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 Table 4.21: One-Way Analysis of Variance for Percent of Superior White-Seeded Lines 
Produced from Each Breeding Method.
Source df MS F-Value
Method 2 114.65 7.10*
Error 6 16.15
CV† 47.84
† CV=Coefficient of Variation
*P<0.05  
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 Table 4.22: Means for Percent of Superior White-Seeded Lines from 
Each Breeding Method.
Method Percent
Late-Bulk 1.72 b†
SSD 13.91 a
Early-Bulk 9.57 ab
Mean 8.40
†Means within a column that do not have letters in common are significantly
 different (t-test, P<0.05).  
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 Chapter 5 
 
Assessment of Wheat Meal-Based Quality Assays in Soft Winter Wheat 
 
Introduction 
 
A large number of different products are produced from soft wheat including 
cakes, cookies, crackers, and breakfast cereals.  Although, each product and milling 
and baking facility have specific wheat quality characteristics, which are essential for 
product quality and uniformity (Faridi et al., 1994), general soft wheat quality 
characteristics do exist.  This allows soft wheat breeders to develop an array of lines 
that meet the needs of the diverse soft wheat industry.        
Many assays have been developed to identify soft wheat lines with acceptable 
quality.  These assays range from simple to complex and are generally performed at 
federal laboratories such as the USDA-ARS Soft Wheat Quality Laboratory (SWQL) in 
Wooster, OH.  Ideally, soft wheat breeders would prefer relatively simple, inexpensive 
assays that could be performed within their own breeding program.  Unfortunately, most 
soft wheat quality assays require wheat flour.  To produce flour, large amounts of grain 
and very expensive flour mills are necessary.  The cost prohibits most soft wheat 
breeders from having access to flour mills and therefore excludes them from conducting 
flour-based assays themselves.    
The most common flour-based assays, which are conducted at the USDA-ARS 
SWQL, include flour yield (Approved Method 26-32, AACC, 2000), softness equivalent 
(Gaines et al., 2000), flour protein (Approved Method 46-10, AACC, 2000), solvent 
retention capacity (Approved Method 56-11, AACC, 2000), and sugar snap cookies 
(Approved Method 10-52, AACC, 2000); wire-cut cookies (Approved Method 10-53, 
AACC, 2000), although much less common, are also baked at the SWQL.  Flour yield 
and flour protein measure the percent of flour produced from a grain sample and the 
protein content, respectively.  Softness equivalent measures flour particle size and is 
correlated with break flour, the amount of flour produced at commercial mills during the 
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 first pass of the kernels through the break rolls (Gaines et al., 2000).  Softness 
equivalent is important because as softness increases the amount of break flour 
increases, which reduces energy costs for milling facilities.  Solvent retention capacity 
(SRC) measures the ability of flour to retain four different solvents: water, 50% sucrose, 
5% sodium carbonate, and 5% lactic acid.  In general, glutenin characteristics are 
associated with lactic acid SRC, damaged starch is associated with sodium carbonate 
SRC, pentosan and gliadin characteristics are associated with sucrose SRC and water 
SRC is influenced by all flour constituents (Gaines, 2000).  Cookies measure baking 
quality; wire-cut cookies have been found to be more sensitive and less variable than 
sugar snap cookies (Gaines et al., 1992a; Gaines et al., 1992b).  Therefore wire-cut 
cookies are more desirable because they can detect small differences and are less 
sensitive to environmental variation, such as kernel shriveling and protein differences 
(Gaines et al., 1992b).     
Typically, soft wheat flours with a low water holding capacity, low damaged 
starch and low pentosans are desired.   Flours that retain excessive water require 
longer baking times and produce less tender products (Guttieri et al., 2001).  Flours that 
possess high levels of damaged starch are undesirable because damaged starch 
increases water absorption and reduces sugar snap cookie quality (Gaines et al., 1988).  
High levels of pentosans are also undesirable because pentosans are highly hydrophilic 
(Jelaca and Hlynka, 1971; Kulp, 1968); therefore a significant negative correlation 
between sugar snap cookie quality and pentosan level has been reported (Kaldy et al., 
1991).  Another important characteristic of wheat flour quality is gluten strength.  Gluten, 
the major storage protein in wheat, is responsible for the elastic properties of kneaded 
wheat dough. Gluten strength required for soft winter wheat products varies according 
to end use.  Weak gluten is suitable for cakes, cookies, and pastries while strong gluten 
is desirable for crackers. As gluten strength increases, tensile strength of crackers 
increases; this reduces cracker breakage during shipping.  In recent years, wheat 
producers have been paid a premium for identity-preserved strong gluten wheat 
cultivars.   
Typically, soft winter wheat breeders evaluate early-generation material in single 
replication, single environment plots or head-rows.  Thousands of early-generation 
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 head-rows are planted each year.  Selections based on plant height, maturity and 
disease resistance are generally made in early-generation head-rows.  Once 
agronomically acceptable lines have been selected, these lines are advanced and 
further tested at multiple locations in replicated studies.  Once the most promising lines 
are identified, they are sent to federal laboratories, such as the USDA-ARS SWQL for 
milling and baking quality analysis.  Unfortunately, this breeding methodology greatly 
reduces the amount of genetic variation for wheat quality traits, because agronomic 
selections are being made in early generations.   
Fortunately, wheat meal-based assays have been reported to predict flour-based 
assays in soft spring wheat (Guttieri et al., 2004; Guttieri et al., 2001).  Wheat meal-
based assays require less grain, which make them suitable for early generation 
analysis, and wheat meal can be produced by grinding wheat grain with inexpensive 
sample mills.  Guttieri et al. (2004) reported significant correlations between wheat meal 
sodium carbonate SRC and flour sodium carbonate SRC (r=0.69-0.81) and wheat meal 
SDS sedimentation volume and flour lactic acid SRC (r=0.74-0.80) in three populations 
of soft spring wheat.  In addition heritability estimates for wheat meal sodium carbonate 
SRC (h2=0.63-0.80) and wheat meal SDS sedimentation volume (h2=0.63-0.92) were 
moderate to high in three populations (Guttieri et al., 2004).  This suggests that 
selections for wheat quality, which are based upon wheat meal-based assays, can be 
made in early generations for soft spring wheat.  Early generation selection of quality 
characteristics is desirable for soft wheat breeders, because more genetic variation 
exists for quality in early generations before agronomic selections have been imposed.  
However the utility of wheat meal-based quality assays has not been explored in soft 
winter wheat.   
The objectives of this study were to: (1) determine whether quality differences 
exist within a strong gluten soft red winter wheat by a weak gluten soft white winter 
wheat cross (2) determine if significant correlations exist between wheat meal-based 
assays performed within a soft wheat breeding program and flour-based assays 
performed at the USDA-ARS SWQL in Wooster, OH (3) estimate heritability of quality 
characteristics (4) identify molecular markers linked to gluten strength and (5) determine 
whether quality differences exist between red- and white- seeded sister lines. 
 116
 Materials and Methods 
 
POPULATION DEVELOPMENT AND FIELD TRAILS 
A cross between Pioneer Brand 25R26, a soft red winter wheat cultivar, and 
Pioneer Brand 25W60, a soft white winter wheat cultivar, was selected for this study 
because these two cultivars represent extreme values for gluten strength.  Of 786 wheat 
cultivars assessed for gluten strength at the USDA-ARS SWQL, Pioneer 25R26 ranks 
the fourth highest and Pioneer 25W60 ranks 767.  In June 2003, 300 F3 wheat heads 
were randomly harvested from an F2 bulk plot grown near Lexington, KY.  In September 
2003, one F4 seed per F3 head was randomly extracted, vernalized, and planted in the 
greenhouse.  In March 2004, one F4 head was harvested per plant.  One F4:5 seed was 
randomly extracted, vernalized, and planted in the greenhouse in May 2004.  In 
September 2004, F4:5 wheat heads were harvested and in October, 2004, intact F4:5 
wheat heads were manually planted into head hills near Lexington, KY, with 
approximately 2.5 cm between head hills and approximately 8 cm between rows.  In 
June 2005, the F4:6 head hills were manually harvested and threshed.  In October 2005, 
F4:7 seed was planted into single row plots, which were 1 m long with 0.20 m between 
rows, at two locations, Princeton and Lexington, KY, with 2 replications.  Height, test 
weight, and yield were recorded at both locations in 2006; maturity and powdery mildew 
ratings were recorded at Lexington.  In June 2006, 116 F4:7 inbred lines, which survived 
all greenhouse and field seasons, were hand harvested and threshed.   
SAMPLE PREPARATION 
Twenty grams of wheat grain from each plot was milled with a UDY Cyclone 
sample mill equipped with a 1 mm sieve.  
SDS SEDIMENTATION VOLUME 
Wheat meal SDS sedimentation volume was measured as described in Guttieri 
et al. (2004) with minor modifications for experimental lines at Lexington, KY, 2005 and 
Lexington and Princeton, KY, 2006; duplicate evaluations, i.e. repeated measures, were 
conducted for each sample in 2005 while only one evaluation per sample was evaluated 
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 in 2006.  Ten mL deionized water was dispensed into 25 mL glass graduated cylinders, 
which had ground glass stoppers, with a bottle-top dispenser.  One gram of wheat meal 
was added to the graduated cylinders and shaken vigorously for approximately 5 sec 
then placed onto a test tube rocker to rest for 2 min.  Graduated cylinders were inverted 
4 times and allowed to rest 2 min; graduated cylinders were inverted once more.  Ten 
mL 2.5% sodium lauryl sulfate was added to each graduated cylinder using a bottle-top 
dispenser.  The cylinders were inverted 4 times and allowed to rest for 2 min.  The cycle 
of inversion and rest was repeated 3 times, for a total of 4 cycles.  Five mL of 1.1% 
(w/v) lactic acid was added using a bottle-top dispenser.  Graduated cylinders were 
inverted 4 times and allowed to rest; the inversion was repeated at 2 min, 4 min, and 6 
min after addition of lactic acid.  After the final inversion, graduated cylinders were 
removed from the rocker and allowed to settle for 20 min, at which time wheat meal 
sedimentation volume was recorded.   
SOLVENT RETENTION CAPACITY 
Wheat meal sodium carbonate solvent retention capacity (SRC) was measured 
as described in Guttieri et al. (2001) with minor modifications for experimental lines at 
Lexington, KY, 2005 and Lexington and Princeton, KY, 2006.  Duplicate sodium 
carbonate SRC evaluations were conducted on each wheat meal sample.  Five grams 
of wheat meal was placed into disposable 50 mL centrifuge tubes; 25 mL of 5% (w/w) 
sodium carbonate was added using a bottle-top dispenser.  The wheat meal was 
suspended into the sodium carbonate by horizontally shaking the tubes vigorously for 
approximately 5 sec.  Samples were placed horizontally onto an orbital shaker and 
shaken for 20 min at approximately 100 rpm.  Next, the tubes were centrifuged at 1000 
x g for 15 min.  After centrifugation, the supernatant was decanted; the tubes were 
drained on absorbent towels for 10 min and then weighed.  Solvent retention capacity 
was calculated by the following equation: 
 SRC = 100 *((Pellet weight/Flour weight)  * (86/(100-Wheat Meal Moisture))-1) 
QUALITY ASSESSMENT 
Grain samples (200 g) from 2 locations, 2 replications per location, in 2006 were 
analyzed for milling and baking quality at the USDA-ARS SWQL, Wooster, OH.   All 
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 grain was tempered to 15% moisture before milling.  Flour yield, flour protein, solvent 
retention, and wire-cut cookies were estimated using approved AACC methods 26-32, 
46-10, 56-11, and 10-54, respectively (AACC 2000).  Softness equivalent was 
evaluated according to Gaines et al. (2000). 
BULK SEGREGANT ANALYSIS 
DNA from the parental lines and the 10 strongest gluten genotypes and 10 
weakest gluten genotypes, based upon SDS sedimentation volume in 2005, was 
extracted from two-week old seedlings using the described methods of the PureGene® 
DNA Purification Kit (Gentra Systems, Inc., Minneapolis, MN).  DNA quality and quantity 
was assessed on 1% (w/v) agarose gels by comparing bands to known concentrations 
of λ DNA.  Equal amounts of DNA from the 10 strongest gluten genotypes (high gluten 
strength bulk) and the 10 weakest gluten genotypes (low gluten strength bulk) were 
bulked.    
Polymerase chain reactions (PCR) for 231 simple sequence repeat markers 
(SSR) were carried out in a BioRad MyCyler™ thermal cycler (Hercules, CA) for the 
parental and bulk DNA.  Reaction mixtures totaled 25 µl.  Each reaction contained 50 ng 
of template DNA, 250 nM of each primer, 300 µM of dNTPs, 250 µM of MgCl2, 1X PCR 
buffer, and 1.25 U Taq polymerase.  PCRs were carried out with the following program: 
3 minutes at 94°C; 1 minute at 94°C, 1 minute at the appropriate annealing 
temperature, and 2 minutes at 72°C for 45 cycles; and a final extension step of 10 
minutes at 72°C.  Amplification products were visualized on 2% (w/v) agarose gels.  
Running conditions for the agarose gels were either 100V for 3 hours or 75V for 5 
hours.         
VERIFICATION OF MOLECULAR MARKERS 
DNA from the parental lines and remnant seed from the 2006 harvest for all the 
experimental lines was extracted from two-week old seedlings using the described 
methods of the PureGene® DNA Purification Kit (Gentra Systems, Inc., Minneapolis, 
MN).  DNA quality and quantity was assessed on 1% (w/v) agarose gels by comparing 
bands to known concentrations of λ DNA.  PCRs were carried out in a BioRad 
 119
 MyCyler™ thermal cycler (Hercules, CA) as described above for the individual 
experimental lines and parental lines.  Amplification products were visualized on 2% 
(w/v) agarose gels.  Running conditions for the agarose gels were either 100V for 3 
hours or 75V for 5 hours.         
 
 Statistical Analyses 
 
AGRONOMIC TRAITS 
Combined analyses of variance were conducted for yield, test weight, and height 
from 2 environments.  Environment, replication, line, and the environment by line 
interaction effects were evaluated as a randomized complete block design using a 
mixed effects model as follows: 
  Yijk = µ + ei + rij + lk + (elik) + Eijk
Where: 
Yijk= the observation of the jth replication and kth line at the ith   environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
lk= the effect of the kth line 
 (elik) = the effect of the interaction of ith environment and kth line 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment as a fixed effect and line, replication and the 
environment by line interaction as random effects.   
Individual analyses of variance were conducted for maturity and powdery mildew 
rating.  Line and replication were evaluated as a randomized complete block design 
using a random effects model as follows: 
  Yij = µ + ri + lj + Eij
Where: 
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  Yij= the observation of the ith replication and jth line 
 µ= overall mean 
ri= the effect of the ith replication 
 lj= the effect of the jth line 
 Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with line and replication as random effects.   
WHEAT MEAL-BASED ASSAYS 
At Lexington in 2005, repeated measurements of the lines were evaluated in a 
completely random design using a random effects model for wheat meal SDS 
sedimentation volume and wheat meal sodium carbonate SRC as follows: 
Yi = µ + li + Ei
Where: 
 Yi= the observation of the ith line 
 µ= overall mean 
li= the effect of the ith line 
 Ei=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with line effects random.   
Combined analyses of variance were conducted for wheat meal SDS 
sedimentation volume and wheat meal sodium carbonate SRC from 2 environments.  
Environment, replication, line, and the environment by line interaction effects were 
evaluated as a randomized complete block design using a mixed effects model as 
follows: 
  Yijk = µ + ei + rij + lk + (elik) + Eijk
Where: 
Yijk= the observation of the jth replication and kth line at the ith   environment 
 µ= overall mean 
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 ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
lk= the effect of the kth line 
 (elik) = the effect of the interaction of ith environment and kth line 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment as a fixed effect and line, replication and 
environment x line as random effects.   
Individual analyses of variance were conducted for wheat meal SDS 
sedimentation volume from 2 environments.  At Lexington and Princeton, 2006, line and 
replication were evaluated as a randomized complete block design using a random 
effects model as follows: 
  Yij = µ + ri + lj + Eij
Where: 
 Yij= the observation of the ith replication and jth line 
 µ= overall mean 
ri= the effect of the ith replication 
 lj= the effect of the jth line 
 Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with line and replication as random effects.   
QUALITY 
Combined analyses of variance were conducted for flour yield, softness 
equivalent, flour protein, and lactic acid, sucrose, water, and sodium carbonate SRCs 
from 2 environments.  Environment, replication, line, and the environment by line 
interaction effects were evaluated as a randomized complete block design using a 
mixed effects model as follows: 
  Yijk = µ + ei + rij + lk + (elik) + Eijk
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 Where: 
Yijk= the observation of the jth replication and kth line at the ith   environment 
 µ= overall mean 
ei= the effect of the ith environment 
rij= the effect of the jth replication in the ith environment 
lk= the effect of the kth line 
 (elik) = the effect of the interaction of ith environment and kth line 
 Eijk=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with environment as a fixed effect and line, replication and 
environment x line as random effects.   
Individual analyses of variance were conducted for flour yield, softness 
equivalent, flour protein, and lactic acid, sucrose, sodium carbonate, and water retention 
capacities from 2 environments.  Line and replication were evaluated as a randomized 
complete block design using a random effects model as follows: 
  Yij = µ + ri + lj + Eij
Where: 
Yij= the observation of the ith replication and jth line  
 µ= overall mean 
ri= the effect of the ith replication 
lj= the effect of the jth line  
Eij=residual error 
 
The analysis was performed using PROC MIXED in SAS (version 8.2; SAS 
Institute, Inc., 1999) with line and replication as random effects.   
Correlations and linear regressions of genotype means between wheat meal- 
and flour- based assays were conducted using PROC CORR and PROC REG in SAS 
(version 8.2; SAS Institute, Inc., 1999), respectively.    
Broad sense heritability was estimated on a line mean basis for multiple locations 
using the variance component method described by (Fehr, 1991) as follows: 
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  h2 =   σ2g              
         σ2g + (σ2ge/ t )+ (σ2e / rt)  
 Where: 
  σ2g = genetic variance 
  σ2ge = genotype by environment interaction variance 
  σ2e = experimental error variance 
   t = number of environments 
   r = number of replications 
 
Broad sense heritability was estimated on a line mean basis for a single location 
using the variance component method described by (Fehr, 1991) as follows: 
 h2 =       σ2g              
             σ2g + (σ2e / r)  
 Where: 
  σ2g = genetic variance 
  σ2e = experimental error variance 
   r = number of replications 
 
Realized heritability was estimated on an entry-mean basis as described in Fehr 
(1991) as follows: 
 h2 = (x¯ s, F4:7 - x¯ , F4:7) (x¯ s, F4:6 - x¯ , F4:6)-1                         
 Where: 
  x¯ s, F4:7 = Mean of selected F4:7 genotypes 
  x¯ , F4:7 = Mean of F4:7 population 
  x¯ s, F4:6 = Mean of selected F4:6 genotypes
  x¯ , F4:6 = Mean of F4:6 population 
 
Predicted genetic gain was estimated as follows: 
   
∆G=h2iσp 
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  Where: 
  ∆G=Genetic gain 
  h2= Broad sense heritability 
  i=Standardized selection intensity 
  σp=Phenotypic standard deviation 
Percent genetic gain was estimated by dividing the genetic gain by the 
population average and multiplying by 100. 
 
Percent realized gain was calculated by the following equation: 
  (x¯ s, F4:7 - x¯ , F4:7) (x¯ , F4:7)-1 
Where: 
  x¯ s, F4:7 = Mean of selected F4:7 genotypes 
  x¯ , F4:7 = Mean of F4:7 population 
MOLECULAR MARKER ANALYSIS 
A one-way analysis of variance was conducted for marker score as follows:  
  Yi = µ + si + Ei 
Where: 
Yi= the observation of the ith score  
 µ= overall mean 
si= the effect of the ith score 
Ei=residual error 
 
The analysis was performed using PROC GLM in SAS (version 8.2; SAS 
Institute, Inc., 1999).   
SEED COAT COLOR 
A one-way analysis of variance of genotype means was conducted for seed coat 
color for each trait as follows: 
  Yi = µ + ci + Ei 
Where: 
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 Yi= the observation of the ith color  
 µ= overall mean 
ci= the effect of the ith color 
Ei=residual error 
 
The analysis was performed using PROC GLM in SAS (version 8.2; SAS 
Institute, Inc., 1999).  Least squares means were calculated for each color class by 
PROC GLM. 
 
Results and Discussion 
 
TESTING CONDITIONS 
In the fall of 2004, excessive rainfall occurred; therefore, the head hills used in 
this study were planted manually into extremely saturated soil.  Fortunately, weather 
conditions were ideal during grain fill and once the wheat reached maturity.  This led to 
extremely high yields, 4569 kg ha-1, in Kentucky.  In contrast, the fall of 2005 was 
extremely dry; this resulted in poor seedling emergence.  However, as in 2005, ideal 
weather conditions were predominant during grain fill at Lexington and Princeton, 2006, 
and once the wheat had reached maturity at Princeton, 2006.  Unfortunately, extreme 
weathering of the mature grain occurred at Lexington, 2006, and therefore extremely 
withered, weathered grain was harvested from Lexington, 2006, while sound grain was 
harvested from Princeton, 2006.     
AGRONOMIC TRAITS 
Agronomic characteristics were not recorded in 2005 because head hill plots 
make assessment of agronomic traits difficult and because there was negligible disease 
development.  Agronomic characteristics were recorded at Lexington and Princeton, 
KY, in 2006; maturity and powdery mildew ratings were recorded at Lexington, KY, only 
because of time constraints for maturity and because powdery mildew did not develop 
at Princeton, KY.  For the combined analyses of variance, there was no significant 
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 environment by line interaction for yield, test weight, or height (Table 5.1).  This 
indicates that the line response was similar at all locations and that the locations can be 
combined into one analysis.  Individual analyses of variance were conducted for 
maturity and powdery mildew rating because these traits were recorded at only one 
location (Table 5.2).   
For both the combined and individual analyses of variance there were significant 
genotype differences for yield, test weight, height, maturity and powdery mildew rating 
(Tables 5.1 and 5.2).  Although the mean of the experimental lines was not superior to 
the mean of either parent, transgressive segregants, i.e., experimental lines that 
exceeded the performance of the parental lines, were identified for all traits (Table 5.3).  
This indicates that genetic variation was retained within this population; therefore 
selections could be made to advance agronomically superior lines.     
WHEAT MEAL-BASED ASSAYS  
Wheat meal SDS sedimentation volume and wheat meal sodium carbonate SRC 
were recorded in 2005 and 2006.  The unreplicated, repeated measures 2005 data was 
analyzed separately from the 2006 data.  In the combined analysis of variance for wheat 
meal SDS sedimentation volume in 2006 there was a significant environment by line 
interaction (Table 5.4).  This indicates that the genotypes performed differently in each 
environment and therefore, individual analyses of variance were performed.     
The individual analyses of variance revealed significant genotype differences at 
all locations for wheat meal SDS sedimentation volume (Tables 5.4 and 5.5).  The 
average wheat meal SDS sedimentation volume at Lexington in 2005 was significantly 
lower than either location in 2006, and Princeton 2006, was significantly lower than 
Lexington, 2006 (Table 5.6).  The significant difference between Lexington 2005 and 
Princeton 2006 was unexpected because both of these locations produced sound, 
healthy grain.  However, the significant differences between Lexington 2006 and the 
other two locations were expected because the grain produced at Lexington in 2006 
was extremely weathered and shriveled.   At all locations transgressive segregants 
were identified (Table 5.6); however, transgressive segregants that exceeded Pioneer 
25R26, the strong gluten parent, did not occur at Princeton in 2006 and transgressive 
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 segregants that were less than Pioneer 25W60, the weak gluten parent, did not occur at 
Lexington in 2006.  Transgressive segregants are responsible for the continual progress 
made for desirable traits over many years.  Therefore, the identification of transgressive 
segregants that exceed Pioneer 25R26 is very important because it indicates that 
breeding progress for gluten strength, as measured by wheat meal SDS sedimentation 
volume, is possible.   
In the combined analyses of variance for wheat meal SRC the environment by 
line interaction was not significant (Table 5.7).  This indicates that the genotypes 
performed similarly in both environments and that this assay does not appear to be 
affected by grain weathering, unlike wheat meal SDS sedimentation volume; therefore 
the combined analysis was used.  Significant genotype differences were found in 2005 
and 2006 (Table 5.7).  In 2005, the parental lines did not differ significantly for wheat 
meal SRC; however in 2006 Pioneer 25R26 had a significantly higher retention than 
Pioneer 25W60 (Table 5.8).  Transgressive segregants that both exceeded and were 
lower than the parental means were identified for wheat meal SRC (Table 5.8).  Once 
again, the identification of transgressive segregants is important.  Transgressive 
segregants indicate that breeding progress is possible for wheat meal SRC, an indicator 
of end-product quality.   
Heritability of wheat meal SDS sedimentation and wheat meal SRC was 
estimated.  The broad sense heritability was estimated to be 0.67 (Table 5.4) for wheat 
meal SDS sedimentation volume and 0.70 (Table 5.7) for wheat meal SRC.  Realized 
heritability was estimated based upon a 25% selection intensity and found to be 0.41 for 
the strong gluten genotypes of wheat meal SDS sedimentation, 0.52 for the weak gluten 
genotypes, and 0.67 for wheat meal SRC (Table 5.9).  Predicted genetic gain was also 
estimated for wheat meal SDS sedimentation volume and wheat meal SRC (Table 
5.10).  High genetic gains are predicted for gluten strength, ±14.32% to ±23.14%, while 
moderate gains for wheat meal SRC are predicted, -4.44% to -7.18%.  Similar trends 
were found for realized genetic gain.  Moderate realized gains for gluten strength, 
±10.92% to ±21.51%, was made, while more modest gains were realized for wheat 
meal SRC, -2.57% to -4.15%.  These moderately high heritability estimates, coupled 
with the moderate predicted and realized genetic gain estimates, indicate that selection 
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 based upon wheat meal-based assays should be effective and result in breeding 
progress for these quality traits.  
QUALITY TRAITS 
Wheat quality assays were also conducted for this population at the USDA-ARS 
SWQL in Wooster, OH.  Combined analyses of variance for flour yield, softness 
equivalent, flour protein and flour lactic acid, sodium carbonate, sucrose and water 
SRCs were performed (Tables 5.11 and 5.12).  There were significant environment by 
line interactions for each of these traits and therefore individual analyses of variance 
were conducted (Tables 5.13-5.16).  The significant genotype by environment 
interactions were expected because the grain harvested from Lexington in 2006 was 
extremely weathered and shriveled, while the grain harvested from Princeton in 2006 
was sound.   
Significant genotype differences for all quality traits were observed at Lexington 
and Princeton in 2006 (Tables 5.13-5.16).  Pioneer 25W60 had a significantly higher 
flour yield and significantly lower lactic acid, sucrose, and sodium carbonate SRCs than 
Pioneer 25R26 at both locations; Pioneer 25W60 also had a significantly lower water 
SRC at Princeton 2006 (Tables 5.17 and 5.18).  Based upon data presented by the 
USDA-ARS SWQL in Wooster, OH, Pioneer 25W60 was expected to have a 
significantly lower lactic acid SRC value than Pioneer 25R26.  However, significant 
differences for flour yield were not expected and data for sucrose and sodium carbonate 
SRCs have not been previously reported.  Transgressive segregants that exceeded 
Pioneer 25R26, the strong gluten parent, and were lower than Pioneer 25W60, the 
weak gluten parent, occurred for all traits except flour lactic acid SRC (Tables 5.17 and 
5.18).  Transgressive segregants which exceeded Pioneer 25R26 were not found for 
flour lactic acid SRC (Table 5.18); this was unexpected because transgressive 
segregants, which exceeded Pioneer 25R26, were found for wheat meal SDS 
sedimentation volume (Table 5.6).   
Flour lactic acid SRC measures the ability of flour to retain lactic acid after 
suspension and centrifugation.  Wheat meal SDS sedimentation volume predicts gluten 
strength by measuring the sedimentation volume of wheat meal once it has been 
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 allowed to suspend in three solutions: water, sodium dodecyl sulfate (SDS), and lactic 
acid.  Inherent differences between these two methods are probably the reason 
transgressive segregants were identified for wheat meal SDS sedimentation volume 
while none were identified for flour lactic acid retention.  Flour lactic acid SRC 
(Approved Method 56-11, AACC, 2000) is the most widely accepted predictor of gluten 
strength in soft wheat, and therefore is most likely a more accurate assessment of 
gluten strength than wheat meal SDS sedimentation volume.  Therefore, transgressive 
segregants, which exceed Pioneer 25R26 for gluten strength, probably do not exist in 
this population, because none were detected with flour lactic acid SRC.  In addition, 
genotypes that exceed Pioneer 25R26 are extremely rare; recall Pioneer 25R26 ranks 
fourth of 786 soft wheat cultivars for gluten strength.     
Correlations between flour-based quality assays from the USDA-ARS SWQL, 
Wooster, OH, and wheat meal assays performed at the University of Kentucky were 
conducted.  The wheat meal SRC data was combined over both locations since there 
was not a significant environment by line interaction.  Data from Lexington and 
Princeton 2006 were analyzed separately for SDS sedimentation since there was a 
significant environment by line interaction.  A significant negative correlation was found 
between wheat meal SRC and flour yield (r=-0.79) and significant positive correlations 
were found between wheat meal SRC and flour sucrose SRC (r=0.75), flour sodium 
carbonate SRC (r=0.84), and flour water SRC (r=0.80) (Table 5.19).  Significant positive 
correlations were also found between wheat meal SDS sedimentation and flour lactic 
acid SRC at Lexington (r=0.67) and Princeton (r=0.64) (Table 5.19).  This indicates that 
inexpensive wheat meal-based assays can be used to predict flour-based assays in soft 
winter wheat.   
Correlations between baking quality and wheat meal-based assays were also 
assessed.  Significant correlations between wheat meal SRC and wire-cut cookie 
diameter (r=-0.50) and wheat meal SDS sedimentation and wire-cut cookie stack height 
(r=0.57) and force diameter-1 (r=0.52) were found (Table 5.20).  Although the correlation 
coefficients between baking quality and wheat meal-based assays are only moderate 
(r=-0.50-0.57) their importance is profound.  Manufacturing quality, which is assessed 
by baking cookies, is extremely labor intensive and is not assessed until late 
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 generations because of the amount of seed that is required.  In addition wire-cut cookie 
characteristics are known to be associated with protein content.  Therefore, wheat meal-
based assays, which can be used in early generation to retain desirable manufacturing 
characteristics, are invaluable to wheat breeders.   
Regression analyses were also conducted for wheat meal-based assays and 
flour-based assays.  Significant linear regression models were found for flour lactic acid 
SRC and wheat meal SDS sedimentation (Table 5.21; Figures 5.1 and 5.2), flour 
sodium carbonate SRC and wheat meal sodium carbonate SRC (Table 5.22; Figure 
5.3), flour yield and wheat meal sodium carbonate SRC (Table 5.23; Figure 5.4), flour 
sucrose SRC and wheat meal sodium carbonate SRC (Table 5.24; Figure 5.5), flour 
water SRC and wheat meal sodium carbonate SRC (Table 5.25; Figure 5.6), wire-cut 
cookie diameter and wheat meal sodium carbonate SRC (Table 5.26; Figure 5.7), wire-
cut cookie stack height and wheat meal SDS sedimentation (Table 5.27; Figure 5.8) and 
force diameter-1 and wheat meal SDS sedimentation and wheat meal sodium carbonate 
retention (Table 5.28; Figures 5.9 and 5.10).   
The significant correlation coefficients and linear regressions between wheat 
meal-based assays and flour-based assays indicate that soft winter wheat quality can 
be assessed in early generations with wheat meal-based assays.  The ability to select 
for soft winter wheat quality in early generations is extremely important because 
desirable genetic variation will be retained within the wheat breeding program.  
Currently most soft winter wheat breeders make agronomic selections in early 
generations, because suitable quality assays were not available.  These agronomic 
selections greatly narrowed the amount of desirable genetic variation for quality 
characteristics.   
SIMULATED SELECTION 
The experimental design used in this study was ideal to simulate conditions of a 
typical soft winter wheat breeding program.  In 2005, a single replicate of head hills was 
planted at one location.  This simulates head-rows, which are planted at one location 
with one replication, in a typical breeding program.  Although all genotypes were also 
evaluated in replicated studies in 2006, selection based upon the 2005 data was 
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 simulated in order to assess the effectiveness of single location, single replication, 
early-generation selection for wheat meal SDS sedimentation volume and wheat meal 
sodium carbonate SRC.    
Significant linear regressions for all genotypes between Lexington 2005 and the 
2006 locations were found for wheat meal SDS sedimentation volume (Table 5.29).  
Although the amount of variation explained by each model was not overwhelming, 13% 
at Lexington and 39% at Princeton, a positive linear trend was detected between SDS 
sedimentation volume at Lexington in 2005 and SDS sedimentation volume at 
Lexington and Princeton in 2006 (Table 5.29; Figures 5.11 and 5.12).  Next, the 
strongest and weakest 29 genotypes and the strongest and weakest 6 genotypes, as 
identified at Lexington in 2005, were selected to represent a 25% and 5% selection 
intensity, respectively.  To determine the performance of the extreme genotypes across 
years, the 2006 SDS sedimentation volumes of the genotypes that were selected in 
2005 were regressed onto the 2005 SDS sedimentation volumes.  Regression analyses 
for the selected genotypes revealed significant linear regressions for the weakest 25% 
between both 2006 locations and Lexington 2005 (Table 5.30; Figures 5.13 and 5.14) 
and significant linear regressions for the strongest 25% and 5% between Princeton in 
2006 and Lexington 2005 (Tables 5.31 and 5.32; Figures 5.15 and 5.16).  Significant 
linear regressions were not found for the strongest 25% and 5% between Lexington in 
2006 and Lexington 2005 and for the weakest 5% between both 2006 locations and 
Lexington 2005 (Tables 5.31-5.33).  Once again, the amount of variation explained by 
each model was low (R2=0.13-0.39) except for the regression of the strongest 5% at 
Princeton in 2006 on Lexington in 2005 (R2=0.82; Tables 5.29-5.32).  Of the four 
strongest genotypes identified at Lexington in 2005, three were identified as the 
strongest genotypes in 2006 (Figure 5.12).  This is not the case for the weakest 
genotypes; of the weakest five genotypes only one was identified as the weakest at 
Lexington in 2006 and two were the weakest at Princeton in 2006 (Figures 5.13 and 
5.14).   
Selection was also simulated for wheat meal sodium carbonate SRC.  The lowest 
29 and 6 genotypes were selected, because low wheat meal sodium carbonate SRC is 
desired for all soft wheat products.  Significant linear regressions were revealed for all 
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 genotypes and the lowest 25% of the genotypes; a non significant linear regression was 
found for the lowest 5% of the genotypes (Table 5.34; Figures 5.17-5.19).  Of the lowest 
nine genotypes identified in 2005, six were also identified with the lowest wheat meal 
SRC in 2006 (Figure 5.18).  As with SDS sedimentation volume, the amount of variation 
explained by each model was not overwhelming (R2=0.19 and 0.30); however positive 
linear trends were identified (Figures 5.17 and 5.18).      
Realized genetic gain was calculated for wheat meal- and flour- based assays.  
When a 25% selection intensity was employed for wheat meal SDS sedimentation 
volume in 2005, the realized genetic gain in 2006 for wheat meal SDS sedimentation 
volume was 10.92% and 3.71% for flour lactic acid retention (Table 5.35).  The realized 
genetic gain for wheat meal SRC with a 25% selection intensity was -2.57% for wheat 
meal SRC and -2.31% for flour sodium carbonate retention.  For a 5% selection 
intensity, realized genetic gain for wheat meal SDS sedimentation was 21.51% and 
7.21% for flour lactic acid and -4.15% for wheat meal sodium carbonate retention and -
2.68% for flour sodium carbonate retention.  Finally, realized genetic gain was 
calculated when the wheat meal-based assays exceeded or were less than a specific 
value.  The realized genetic gain when wheat meal SDS sedimentation volume 
exceeded 12 mL in 2005 was 11.5% for wheat meal SDS sedimentation volume and 
4.18% for flour lactic acid retention.  Realized genetic gain for genotypes that were less 
than or equal to 90% for wheat meal SRC in 2005 was -2.10% for wheat meal SRC and 
-1.89% for flour sodium carbonate retention (Table 5.35).   
Selection based upon agronomic data, which was collected in 2006, was also 
simulated.  The agronomic selections were simulated in order to compare realized gain 
of quality traits when selections for either wheat meal or agronomic characteristics were 
made.  Two categories of agronomic selections were made.  First selections typical of 
early-generation material were made, i.e., selections based upon height, powdery 
mildew rating, and heading date.  Genotypes that had a powdery mildew rating of less 
than or equal to 3.5 were retained.  Next genotypes that also had a heading date of less 
than or equal to 130 Julian and were less than or equal to 94 cm were kept.  This 
resulted in 55 genotypes being retained.  The realized genetic gain of the 55 selected 
genotypes for wheat meal SDS sedimentation volume was -1.16%, -4% for flour lactic 
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 acid retention, -0.25% for wheat meal SRC and 0.13% for flour sodium carbonate SRC 
(Table 5.35).  This indicates that agronomic selections can reduce the genetic variation 
within breeding populations for quality traits and lead to negative genetic gain for 
desirable traits. This is very important because in a typical soft wheat breeding program 
agronomic selections are made in early generations, which can negatively affect wheat 
quality.   
The second agronomic selection method further reduced the number of 
genotypes to 21 by requiring a yield of greater than or equal to 4473 kg ha-1, in addition 
to the agronomic criteria mentioned above.  This was to simulate selection, based upon 
yield, which usually occurs in years following head-row selections in a soft wheat 
breeding program.  Once again, negative realized gain was identified for wheat meal 
SDS sedimentation, -1.57%, flour lactic acid retention, -1.23%, wheat meal SRC, -
0.25%, and flour sodium carbonate SRC, -0.01% (Table 5.35).  These results indicate 
that selection for agronomic characteristics reduces genetic variation for quality traits 
and either negatively affects the progress for quality traits, as indicated by the negative 
genetic gain for gluten strength, or greatly reduces the genetic gain of quality traits, as 
indicated by reduced gain for wheat meal and flour SRC.   
SEED COAT COLOR 
One-way analyses of variance of genotype means revealed that yield, test 
weight, height, heading date, powdery mildew resistance, flour yield, softness 
equivalent, flour protein, flour sucrose SRC, flour sodium carbonate SRC, flour water 
SRC, wheat meal sodium carbonate SRC, wire-cut cookie diameter, wire-cut cookie 
stack height, and wire-cut cookie force diameter-1 were not significantly (P<0.05) 
affected by seed coat color (Tables 5.36 – 5.39).  However, significant differences for 
flour lactic acid SRC and wheat meal SDS sedimentation were found for seed coat color 
(Tables 5.37 and 5.38).  For both traits, the white-seeded lines had significantly weaker 
gluten than their red-seeded counterparts (Table 5.40).  It is possible that the small 
number of the white-seeded lines (N=25), as compared to the number of red-seeded 
lines (N=93), skewed the results, i.e., that the significantly lower value for gluten 
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 strength of the white lines might be a result of small sample size.  However, if this were 
the case significant differences for all the other traits measured would also be expected.   
Another explanation for the significantly weaker gluten strength for the white-
seeded lines is linkage or pleiotropy.  In both cases, white-seeded lines would have a 
significantly lower flour lactic acid SRC and SDS sedimentation volume.  Pleiotropy and 
linkage can be distinguished by the occurrence of white-seeded genotypes that are not 
significantly weaker for gluten strength than red-seeded genotypes.  In a study 
examining 17 populations that possessed at least one white-seeded parental line, 
significant differences for flour lactic acid SRC were not found between red- and white- 
seeded progeny (Knott, 2007); therefore pleiotropy is probably not responsible for the 
reduced flour lactic acid SRC or SDS sedimentation volume.   
In a study that examined reciprocal and backcrosses of a high protein hard red 
winter wheat and a normal protein hard white winter wheat, a small significant negative 
relationship was identified for only one population (Corpus et al., 1983).  The reciprocal 
cross of this population did not demonstrate the negative relationship between protein 
level and kernel color; therefore the authors concluded that the negative relationship 
was not due to genetics, but most likely resulted from the presence of alien genetic 
material.  Therefore, the reason that white-seeded genotypes had significantly weaker 
gluten strength than the red-seeded genotypes in this study is probably not due to 
linkage or pleiotropy; however the cause is not clear.         
MOLECULAR MARKER ANALYSIS 
In addition to measuring quality and agronomic traits, this population was used to 
determine if molecular markers linked to gluten strength could be identified.  A total of 
231 simple sequence repeat (SSR) markers (Table 5.41), which were randomly 
distributed throughout the wheat genome, were screened for association with the strong 
gluten phenotype.  Only 1 SSR marker, Xgwm372, was found to be polymorphic for 
both the bulk segregant DNA and the parental lines.  Unfortunately, once individual lines 
were screened for this marker it was found that the marker genotype explained only 8% 
of the phenotype, as indicated by the R2 value (Table 5.42).  For this trait, the 
phenotype can be quickly and inexpensively obtained.  To justify use of molecular 
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 markers, the markers should explain a significant proportion of the phenotypic variation.  
In this case, the marker explains only 8% of the variation; therefore, in this population 
no usable markers were mapped for gluten strength.   
 
Conclusions  
 
Most soft winter wheat breeders are unable to conduct wheat quality assays 
within their own breeding program because of the cost of flour mills.  As a result, most 
breeders send late-generation material to federal laboratories for wheat quality analysis.  
This late-generation material has been subjected to agronomic selections and therefore 
genetic variation for quality characteristics is greatly reduced.  This study investigated 
the utility of wheat meal-based quality assays for retaining desirable genetic variation for 
quality in soft winter wheat. 
Significant genetic variation for all agronomic and quality characteristics was 
found for the population used in this study.  Transgressive segregants were also 
identified for all traits except for flour lactic acid retention.  The lack of transgressive 
segregants for flour lactic acid retention is probably due to the fact that the strong gluten 
parent, Pioneer 25R26, is an extreme genotype and therefore it is likely that stronger 
gluten genotypes are extremely rare within adapted soft winter wheat.   
Highly significant correlations between flour-based assays, which were 
conducted at the USDA-ARS Soft Wheat Quality Laboratory in Wooster, OH, and wheat 
meal-based assays, which were conducted on-site, were identified (r=0.64-0.84).  
Significant linear regression models were also identified for wheat meal- and flour- 
based assays.  Although the amount of variation that was explained by the regression 
model was not overwhelming (R2=0.25-0.70), linear trends were revealed.  In addition, 
moderate heritabilities (h2=0.41-0.75) were identified for the wheat meal-based assays.   
Selection based upon 2005 wheat meal-based assays and 2006 agronomic traits 
was also simulated.  Realized genetic gain for wheat meal SRC ranged from -2.1 to -
4.15% and -1.89 to -2.68% for flour SRC when wheat meal SRC was selected in 2005.  
When wheat meal SDS sedimentation was selected in 2005 realized genetic gain for 
wheat meal SDS sedimentation ranged from 10.92 to 21.51 and 3.71 to 7.21 for flour 
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 lactic acid retention.  In contrast, realized genetic gain for wheat meal SDS 
sedimentation was -1.16 to -1.57, -1.23 and -4 for flour lactic acid, -0.25% for wheat 
meal SRC, and -0.01 to -0.13 for flour SRC when agronomic selections were simulated.  
Therefore, genetic gain for quality characteristics can be made when wheat meal-based 
assays are utilized.  In contrast, undesirable genetic gain or greatly reduced genetic 
gain is realized when agronomic selections are made in early generations.    
Based upon the moderately high heritabilities, genetic gain, significant 
correlations and regressions between wheat meal- and flour- based assays, and the 
positive linear trends identified between unreplicated, single location data and replicated 
studies in a subsequent year, early-generation selection of wheat meal-based quality 
assays in a typical soft winter wheat breeding program should be effective in retaining 
desirable genetic variation within soft winter wheat breeding programs.  These findings 
are significant because soft wheat breeders now have a method for inexpensively 
screening early-generation material for quality characteristics, which will allow them to 
maintain desirable genetic variation or select for desirable traits within their own 
breeding programs.  The wheat meal-based assays will not eliminate the need for flour 
based assays.  However, soft wheat breeders now have the option to make informed 
selection decisions that will allow them to retain desirable genetic variation within their 
breeding populations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Carrie Ann Knott 2007 
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 Table 5.8: Means ± Standard Errors, Minimum, and Maximum Values for Wheat Meal (WM) 
Sodium Carbonate Retention Capacity (SRC) at Lexington, 2005, Lexington and  
Princeton, 2006.
Lex05† 2006
Pioneer 25R26
Mean 92.20 ± 0.88 104.56 ± 0.86
Pioneer 25W60
Mean 93.24 ± 1.20 96.82 ± 0.62
Experimental Lines
Mean 91.62 98.05
Minimum 78.48 81.47
Maximum 106.19 118.12
† Lex05 = Lexington, 2005; 2006=Lexington and Princeton, 2006, combined
WM SRC ± Standard Error
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 Table 5.9: Realized Heritability (h2) for Wheat Meal (WM) SDS Sedimentation and WM 
Sodium Carbonate Retention (SRC).
Direction of
Selection
WM Sed
Positive
Negative
WM SRC Negative
Realized h2
0.52
0.67
0.41
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 Table 5.10: Predicted and Realized Percent Genetic Gain Year-1 for Wheat Meal (WM)
SDS Sedimentation Volume (Sed) and Wheat Meal Sodium Carbonate Retention (SRC)
at Lexington and Princeton, 2006.
25% 5% 25% 5%
WM Sed
Strong Gluten 14.32% 23.14% 10.92% 21.51%
Weak Gluten -14.32% -23.14% -10.92% -21.51%
WM SRC -4.44% -7.18% -2.57% -4.15%
Percent  Genetic Gain Year-1
Selection Intensity
Percent Realized Gain Year-1
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 Table 5.22: Regression Analysis for Flour Sodium Carbonate Retention as a 
Function of Wheat Meal Sodium Carbonate Retention at Lexington and  
Princeton, 2006.
Source df MS F
Model 1 577.80 267.59***
Error 116 2.16
CV† 2.08
R2 0.70
† CV = Coefficient of Variation
***P<0.001  
 161
 Table 5.23: Regression Analysis for Flour Yield as a Function of
Wheat Meal Sodium Carbonate Retention at Lexington and Princeton, 2006.
Source df MS F
Model 1 111.40 190.12***
Error 116 0.59
CV† 1.15
R2 0.62
† CV = Coefficient of Variation
***P<0.001  
 162
 Table 5.24: Regression Analysis for Flour Sucrose Retention as a Function of
Wheat Meal Sodium Carbonate Retention at Lexington and Princeton, 2006.
Source df MS F
Model 1 807.27 148.64***
Error 116 5.43
CV† 2.58
R2 0.56
† CV = Coefficient of Variation
***P<0.001  
 163
 Table 5.25: Regression Analysis for Flour Water Retention as a Function of
Wheat Meal Sodium Carbonate Retention at Lexington and Princeton, 2006.
Source df MS F
Model 1 141.00 209.06***
Error 116 0.67
CV† 1.50
R2 0.64
† CV = Coefficient of Variation
***P<0.001
 164
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 Table 5.27: Regression Analysis for Wire-Cut Cookie Stack Height as a Function of 
Wheat Meal SDS Sedimentation, Princeton, 2006.
Source df MS F
Model 1 4.14 22.19***
Error 46 0.19
CV† 1.91
R2 0.33
† CV = Coefficient of Variation
***P<0.001
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 Table 5.40: Means and Standard Errors (SE) of Seed Coat Color for Yield, Test Weight, 
Height, Flour Yield, Softness Equivalent, Flour Protein and Flour Lactic Acid, Sodium
Carbonate, Sucrose and Water Retention at Lexington and Princeton, 2006,  Wheat
Meal (WM) SDS Sedimentation and WM Sodium Carbonate Retention at Lexington  
2005 and 2006, and Princeton, 2006, and Wire-Cut Cookie Diameter, Stack Height 
and Force Diameter-1, Princeton, 2006 and Heading Date and Powdery Mildew
Resistance, Lexington, 2006.
Mean SE Mean SE
Yield (kg ha-1) 4006.29 64.88 4120.92 125.13
Test Weight (kg m-3) 672.38 1.99 665.97 3.84
Height (cm) 89.65 0.46 88.77 0.88
Flour Yield (%) 66.77 0.13 66.51 0.25
Softness Equivalent (%) 56.26 0.27 55.51 0.52
Flour Protein (%) 10.25 0.05 10.36 0.09
Flour Lactic Acid Retention (%) 93.61 0.87 89.04 1.67
Flour Sucrose Retention (%) 90.43 0.36 90.30 0.70
Flour Sodium Carbonate Retention (%) 70.41 0.28 70.84 0.53
Flour Water Retention (%) 54.83 0.14 54.99 0.27
WM SDS Sedimentation (mL) 11.71 0.20 10.11 0.39
WM Sodium Carbonate Retention (%) 96.82 0.37 96.52 0.74
Wire-Cut Cookie Diameter (cm) 14.70 0.04 14.74 0.07
Wire-Cut Cookie Stack Height (cm) 22.63 0.09 22.39 0.14
Wire-Cut Cookie Force Diameter-1 
(g cm-1) 446.19 10.53 445.05 16.40
Heading Date (Julian) 126.41 0.24 126.20 0.46
Powdery Mildew Resistance (0-9) 3.80 0.11 3.38 0.22
Red White
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 Table 5.41: SSR Markers Screened for Linkages with Gluten Strength.
Marker
Annealing 
Temp Marker
Annealing 
Temp Marker
Annealing 
Temp
Xgwm102 58 Xgwm174 57 Xgwm285 59
Xgwm106 55 Xgwm179 60 Xgwm291 57
Xgwm107 56 Xgwm181 57 Xgwm292 59
Xgwm108 56 Xgwm182 55 Xgwm293 59
Xgwm10 51 Xgwm183 61 Xgwm294 57
Xgwm111 57 Xgwm186 62 Xgwm295 61
Xgwm112 61 Xgwm18 58 Xgwm296 46
Xgwm113 59 Xgwm190 55 Xgwm297 50
Xgwm114 56 Xgwm191 54 Xgwm299 60
Xgwm11 49 Xgwm192 55 Xgwm2 57
Xgwm120 60 Xgwm193 57 Xgwm301 62
Xgwm121 58 Xgwm194 60 Xgwm302 56
Xgwm122 59 Xgwm205 60 Xgwm304 59
Xgwm124 63 Xgwm210 56 Xgwm30 55
Xgwm126 59 Xgwm212 53 Xgwm311 59
Xgwm129 57 Xgwm213 63 Xgwm312 56
Xgwm130 57 Xgwm219 62 Xgwm314 61
Xgwm131 61 Xgwm232 64 Xgwm319 57
Xgwm132 52 Xgwm233 51 Xgwm320 53
Xgwm133 60 Xgwm234 57 Xgwm325 54
Xgwm135 63 Xgwm247 53 Xgwm328 57
Xgwm136 59 Xgwm249 55 Xgwm32 58
Xgwm140 62 Xgwm251 50 Xgwm332 56
Xgwm146 59 Xgwm257 59 Xgwm333 54
Xgwm148 55 Xgwm259 62 Xgwm334 52
Xgwm149 50 Xgwm260 55 Xgwm335 62
Xgwm153 63 Xgwm261 61 Xgwm337 54
Xgwm154 61 Xgwm264 55 Xgwm339 53
Xgwm155 54 Xgwm265 55 Xgwm33 52
Xgwm156 56 Xgwm268 63 Xgwm340 56
Xgwm157 60 Xgwm269 52 Xgwm341 61
Xgwm159 60 Xgwm271 59 Xgwm344 56
Xgwm160 52 Xgwm272 53 Xgwm349 61
Xgwm161 60 Xgwm273 59 Xgwm350 53
Xgwm162 61 Xgwm274 53 Xgwm356 54
Xgwm164 64 Xgwm275 45 Xgwm357 63
Xgwm165 59 Xgwm276 52 Xgwm358 59
Xgwm169 52 Xgwm282 52 Xgwm359 52
Xgwm16 53 Xgwm284 55 Xgwm361 56
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 Table 5.41 (continued): SSR Markers Screened for Linkages with Gluten Strength.
Marker
Annealing 
Temp Marker
Annealing 
Temp Marker
Annealing 
Temp
Xgwm368 56 Xgwm47 59 Xgwm604 46
Xgwm369 57 Xgwm480 53 Xgwm608 59
Xgwm371 57 Xgwm484 60 Xgwm609 49
Xgwm372 63 Xgwm493 54 Xgwm60 59
Xgwm374 56 Xgwm494 55 Xgwm610 57
Xgwm376 61 Xgwm495 56 Xgwm611 59
Xgwm37 55 Xgwm497 58 Xgwm613 59
Xgwm382 60 Xgwm498 62 Xgwm614 57
Xgwm383 56 Xgwm499 56 Xgwm617 62
Xgwm388 52 Xgwm501 59 Xgwm624 47
Xgwm389 55 Xgwm508 46 Xgwm626 49
Xgwm391 53 Xgwm512 58 Xgwm630 58
Xgwm397 52 Xgwm513 56 Xgwm635 58
Xgwm3 59 Xgwm515 54 Xgwm636 57
Xgwm400 58 Xgwm518 56 Xgwm637 60
Xgwm403 57 Xgwm526 52 Xgwm639 57
Xgwm408 55 Xgwm52 58 Xgwm63 60
Xgwm410 60 Xgwm533 58 Xgwm642 64
Xgwm413 65 Xgwm537 56 Xgwm644 58
Xgwm415 59 Xgwm538 53 Xgwm645 59
Xgwm425 56 Xgwm539 58 Xgwm654 59
Xgwm427 48 Xgwm540 55 Xgwm664 60
Xgwm428 55 Xgwm544 51 Xgwm666 58
Xgwm429 49 Xgwm547 51 Xgwm66 54
Xgwm437 49 Xgwm550 58 Xgwm674 56
Xgwm43 53 Xgwm554 58 Xgwm67 52
Xgwm443 54 Xgwm558 56 Xgwm68 61
Xgwm445 50 Xgwm55 55 Xgwm6 50
Xgwm448 55 Xgwm565 57 Xgwm70 60
Xgwm44 60 Xgwm566 57 Xgwm71 56
Xgwm455 58 Xgwm569 50 Xgwm72 56
Xgwm456 51 Xgwm570 58 Xgwm77 59
Xgwm458 64 Xgwm573 53 Xgwm88 59
Xgwm459 51 Xgwm577 51 Xgwm95 59
Xgwm469 52 Xgwm582 54 Xgwm99 61
Xgwm46 59 Xgwm583 60 Xpsp3000 57
Xgwm47.1 59 Xgwm595 59
Xgwm471 57 Xgwm5 52
Xgwm473 59 Xgwm601 56
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 Table 5.42: One-Way Analysis of Variance for Marker Score of Xgwm372.
Source df MS F
Score 1 48.35 8.88**
Error 100 5.44
CV† 17.78
R2 8.16
† CV = Coefficient of Variation
**P<0.01  
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 Figure 5.1: Regression of Flour Lactic Acid Retention on Wheat Meal SDS 
Sedimentation Volume at Princeton, 2006. 
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 Figure 5.2: Regression of Flour Lactic Acid Retention on Wheat Meal SDS 
Sedimentation Volume at Lexington, 2006. 
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 Figure 5.3: Regression of Flour Sodium Carbonate Retention on Wheat Meal Sodium 
Carbonate Retention at Lexington and Princeton, 2006. 
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 Figure 5.4: Regression of Flour Yield on Wheat Meal Sodium Carbonate Retention at 
Lexington and Princeton, 2006. 
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 Figure 5.5: Regression of Flour Sucrose Retention on Wheat Meal Sodium Carbonate 
Retention at Lexington and Princeton, 2006. 
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 Figure 5.6: Regression of Flour Water Retention on Wheat Meal Sodium Carbonate 
Retention at Lexington and Princeton, 2006. 
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 Figure 5.7: Regression of Wire-Cut Cookie Diameter on Wheat Meal Sodium Carbonate 
Retention, Princeton, 2006. 
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 Figure 5.8: Regression of Wire-Cut Cookie Stack Height on Wheat Meal SDS 
Sedimentation, Princeton, 2006. 
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 Figure 5.9: Regression of Wire-Cut Cookie Force Diameter-1 on Wheat Meal SDS 
Sedimentation, Princeton, 2006. 
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 Figure 5.10: Regression of Wire-Cut Cookie Force Diameter-1 on Wheat Meal Sodium 
Carbonate Retention, Princeton, 2006. 
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 Figure 5.11: Regression of Wheat Meal SDS Sedimentation Volume at Lexington, 2006, 
for All Experimental Lines on Wheat Meal SDS Sedimentation Volume in 2005. 
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 Figure 5.12: Regression of Wheat Meal SDS Sedimentation Volume at Princeton, 2006, 
for All Experimental Lines on Wheat Meal SDS Sedimentation Volume in 2005. 
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 Figure 5.13: Regression of Wheat Meal SDS Sedimentation Volume at Lexington, 2006, 
for Weakest 25% of the Experimental Lines on Wheat Meal SDS Sedimentation Volume 
in 2005. 
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 Figure 5.14: Regression of Wheat Meal SDS Sedimentation Volume at Princeton, 2006, 
for Weakest 25% of the Experimental Lines on Wheat Meal SDS Sedimentation Volume 
in 2005. 
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 Figure 5.15: Regression of Wheat Meal SDS Sedimentation Volume at Princeton, 2006, 
for Strongest 25% of the Experimental Lines on Wheat Meal SDS Sedimentation 
Volume in 2005. 
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 Figure 5.16: Regression of Wheat Meal SDS Sedimentation Volume at Princeton, 2006, 
for Strongest 5% of the Experimental Lines on Wheat Meal SDS Sedimentation Volume 
in 2005. 
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 Table 5.17: Regression of Wheat Meal Sodium Carbonate SRC in 2006 on Wheat Meal 
Sodium Carbonate SRC in 2005 for All Experimental Lines. 
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 Table 5.18: Regression of Wheat Meal Sodium Carbonate SRC in 2006 on Wheat Meal 
Sodium Carbonate SRC in 2005 for the Lowest 25% of Experimental Lines. 
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 Table 5.19: Regression of Wheat Meal Sodium Carbonate SRC in 2006 on Wheat Meal 
Sodium Carbonate SRC in 2005 for the Lowest 5% of Experimental Lines. 
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